1*1 


Defence  Research  and  Recherche  et  developpement 
Development  Canada  pour  la  defense  Canada 


Copy  No. 


Superomniphobic  Surfaces  for  Military 
Applications:  Nano-  and  Micro-Fabrication 
Methods 

Chapter  2:  Investigation  of  Wear  for  Superhydrophobic 
Surfaces  and  Development  of  New  Coatings 


Alidad  Amirfazli 
University  of  Alberta 

University  of  Alberta 

Department  of  Mechanical  Engineering 

Edmonton,  AB  T6G  2G8 

PWGSC  Contract  Number:  W7707-098197 

Contract  Scientific  Authority:  Paul  Saville,  250-363-2892 


The  scientific  or  technical  validity  of  this  Contract  Report  is  entirely  the  responsibility  of  the  contractor  and  the 
contents  do  not  necessarily  have  the  approval  or  endorsement  of  Defence  R&D  Canada. 


Defence  R&D  Canada  -  Atlantic 

Contract  Report 
DRDC  Atlantic  CR  2010-315 
January  201 1 


Canada 


This  page  intentionally  left  blank. 


Superomniphobic  Surfaces  for  Military 
Applications:  Nano- and  Micro-Fabrication 
Methods 

Chapter  2:  Investigation  of  Wear  for  Superhydrophobic  Surfaces 
and  Development  of  New  Coatings 


Alidad  Amirfazli 
University  of  Alberta 

University  of  Alberta 

Department  of  Mechanical  Engineering 

Edmonton,  Alberta  T6G  2G8 


PWGSC  Contract  Number:  W7707-098197 
CSA:  Paul  Saville,  250-363-2892 


The  scientific  or  technical  validity  of  this  Contract  Report  is  entirely  the  responsibility  of  the  Contractor  and  the 
contents  do  not  necessarily  have  the  approval  or  endorsement  of  Defence  R&D  Canada. 


Defence  R&D  Canada  -  Atlantic 

Contract  Report 

DRDC  Atlantic  CR  2010-315 

January  201 1 


Principal  Author 

Original  signed  by  Alidad  Amirfazli 

Alidad  Amirfazli 


Approved  by 

Original  signed  by  Terry  Foster 

Terry  Foster 

Head  Dockyard  Laboratory  Pacific 

Approved  for  release  by 

Original  signed  by  Ron  Kuwahara  for 

Calvin  Hyatt 

Head  Document  Review  Panel 


This  Work  Sponsored  by  12S  through  12SZ20 


©  Her  Majesty  the  Queen  in  Right  of  Canada,  as  represented  by  the  Minister  of  National  Defence,  2011 


©  Sa  Majeste  la  Reine  (en  droit  du  Canada),  telle  que  representee  par  le  ministre  de  la  Defense  nationale, 
2011 


Abstract 


The  results  of  wearing  superhydrophobic  surfaces  and  its  effect  on  roughness  parameters,  surface 
properties  and  wetting  behaviour  are  described  in  this  report.  An  abrasive  wear  device  has  been 
set  up  to  allow  consistency,  reproducibility  and  precise  control  over  the  amount  of  wear  desired. 
Based  on  the  results  obtained,  relationships  in  the  trends  observed  with  the  different  roughness 
parameters  and  wetting  behaviour  have  been  established.  In  some  cases  the  relationships  are 
strong  while  in  other  cases,  the  relationships  are  weak  and  unable  to  capture  the  different 
transitions  in  wetting.  It  has  also  been  determined  that  different  roughness  scales  present  on  a 
surface  wear  differently  and  require  separate  attention.  This  knowledge  is  partly  applied  in  the 
development  of  a  versatile  superhydrophobic  coating  that  can  be  used  on  smooth  and  rough 
materials  ranging  from  glass  and  aluminum,  to  polyester/nylon,  cardboard  and  wood. 


Resume 


Le  present  rapport  contient  la  description  de  l’usure  subie  par  des  surfaces  superhydrophobes  et 
de  ses  effets  sur  les  parametres  de  rugosite,  les  proprietes  de  surface  et  le  comportement  au 
mouillage.  On  a  mis  en  place  un  dispositif  d’usure  par  abrasion  qui  permet  d’assurer  un  controle 
precis,  uniforme  et  reproductible  du  degre  d’usure  souhaite.  Les  resultats  obtenus  ont  permis 
d’etablir  des  relations  a  partir  des  tendances  observees  pour  les  differents  parametre  de  rugosite  et 
le  comportement  au  mouillage.  Dans  certains  cas,  les  relations  sont  solides  (Rsk,  Ssk,  r),  alors  que 
dans  d’autres,  elles  sont  faibles  (Ra,  Rq,  Rz)  et  ne  permettent  pas  d’extraire  les  di verses 
transitions  qui  surviennent  au  cours  du  mouillage.  Les  resultats  ont  aussi  permis  de  determiner 
que  des  zones  de  la  surface  caracterisees  par  diverses  echelles  de  rugosite  subissent  une  usure 
differente  et  necessitent  done  des  mesures  de  protection  distinctes.  Ces  connaissances  peuvent 
etre  en  partie  utilisees  pour  mettre  au  point  un  revetement  superhydrophobe  polyvalent  pouvant 
etre  applique  sur  des  materiaux  lisses  et  rugueux,  dans  une  gamme  allant  du  verre  et  de 
T  aluminium  au  carton  et  au  bois,  en  passant  par  des  polymeres  comme  les  polyesters  et  les 
nylons. 
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Executive  summary 


Superomniphobic  Surfaces  for  Military  Applications:  Nano-  and 
Micro-Fabrication  Methods:  Chapter  2:  Investigation  of  Wear 
for  Superhydrophobic  Surfaces  and  Development  of  New 
Coatings 

Alidad  Amirfazli;  DRDC  Atlantic  CR  2010-315;  Defence  R&D  Canada  -  Atlantic; 
January  2011 

Introduction:  The  properties  of  superhydrophobic  materials  are  dependent  on  the  surface 
roughness  and  surface  energy.  Experimental  materials  typically  suffer  from  wear  which  results  in 
a  loss  of  the  superhydrophobic  properties.  In  order  to  understand  the  impact  of  wear  on  the 
roughness  and  hence  the  desired  properties,  surface  roughness  parameters  are  characterized  by 
confocal  scanning  microscopy  and  then  materials  are  subjected  to  wear. 

Results:  Superhydrophobic  PTFE,  and  acid  etched  aluminum  were  used  to  study  wear.  A  wear 
test  was  developed.  Certain  roughness  parameters  were  found  to  be  strongly  correlated  to 
transitions  in  the  wettability  of  the  surface.  It  was  also  noted  that  wear  was  not  uniform  across 
all  roughness  scales.  These  studies  were  partly  used  to  develop  a  new  multipurpose 
superhydrophobic  material. 

Significance:  The  success  of  a  superhydrophobic  or  superorganophobic  material  will  depend  on 
its  durability.  Loss  of  roughness  will  reduce  a  material’s  ability  to  shed  liquids.  Test  methods 
that  accurately  predict  change  in  a  surface’s  properties  are  required  for  quantifying  material 
durability. 

Future  plans:  With  the  development  of  a  reproducible  multipurpose  superhydrophobic  coating, 
it  is  now  possible  to  correlate  surface  roughness  parameters  and  wettability  more  thoroughly.  The 
newly  developed  coating  has  so  far  been  used  to  demonstrate  its  suitability  for  use  on  a  variety  of 
surfaces  and  still  requires  further  testing. 
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Introduction  :  Les  proprietes  des  materiaux  superhydrophobes  dependent  de  la  rugosite  de  la 
surface  et  de  l’energie  superficielle.  Les  materiaux  experimentaux  subissent  couramment  l’usure 
qui  entraine  une  perte  de  leurs  proprietes  superhydrophobes.  Afm  de  bien  comprendre  les  effets 
de  l’usure  sur  la  rugosite  de  la  surface  et,  consequemment,  sur  les  proprietes  souhaitees,  on  a 
caracterise  des  parametres  de  rugosite  de  la  surface  en  observant  des  echantillons  de  materiaux 
par  microscopie  confocale  a  balayage,  avant  de  les  soumettre  a  des  essais  d’usure. 

Resultats  :  Les  deux  materiaux  etudies  dans  des  essais  d’usure  elabores  dans  nos  installations 
sont  du  PTFE  [poly(tetrafluoroethylene)]  superhydrophobe  et  de  1’ aluminium  grave  a  l’acide.  Les 
resultats  des  essais  indiquent  qu’il  existe  une  correlation  elevee  entre  certains  parametres  de 
rugosite  et  les  etapes  de  transition  au  cours  du  mouillage  de  la  surface.  On  observe  aussi  que 
l’usure  n’est  pas  uniforme  pour  l’ensemble  des  echelles  de  rugosite.  Ces  connaissances  ont  ete  en 
partie  utilisees  pour  mettre  au  point  un  nouveau  revetement  superhydrophobe  polyvalent. 

Importance  :  L’utilisation  pratique  et  adequate  d’un  materiau  superhydrophobe  ou 
superorganophobe  sera  fonction  de  sa  durabilite.  Une  perte  de  rugosite  reduit  la  capacite  d’un 
materiau  de  laisser  l’eau  s’ecouler  a  sa  surface.  11  est  essentiel  d’elaborer  des  methodes  d’essai 
fiables,  qui  permettent  de  prevoir  avec  exactitude  les  variations  des  proprietes  de  surface,  afm  de 
pouvoir  quantifier  la  durabilite  d’un  materiau. 

Perspectives  :  La  mise  au  point  d’un  revetement  superhydrophobe  polyvalent  possedant  des 
proprietes  reproductibles  permet  maintenant  d’etablir  des  correlations  plus  detaillees  entre  des 
parametres  de  rugosite  de  la  surface  et  sa  mouillabilite.  Jusqu’a  maintenant,  le  nouveau 
revetement  a  uniquement  servi  a  demontrer  qu’il  constitue  un  produit  d’enduction  adequat  pour 
toute  une  garnme  de  surfaces;  c’est  pourquoi  il  faudra  realiser  des  essais  plus  pousses  en  ce 
domaine. 
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Figure  7:  Advancing,  Receding  and  Hysteresis  contact  angles  of  water  vs.  wear  time  for 
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Figure  9:  A  plot  of  contact  radius  against  the  contact  angle  as  a  water  drop  is  first  advancing, 
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increasing  trend  with  wear  time  and  also  captures  the  sudden  change  in  wetting  at 
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Figure  13:  Contact  Angles  of  water  with  Wear  Time  (in  minutes).  Contact  angle  on  the  left 
axis  and  hysteresis  on  the  right  axis.  This  figure  clearly  shows  little  to  no  change 
in  hysteresis  for  a  total  of  270  seconds  (4.5  minutes)  of  wear  time.  At  300 
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of  the  pinning  behaviour  shown  in  Figure  14.  Sample  was  worn  at  195  rpm  in  1 
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same  point  at  which  hysteresis  is  highest.  The  plot  for  f  however,  shows  a  very 
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Figure  17:  Water  drop  laying  on  a  flat  sample  of  unworn  aluminum  foil  coated  with 
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circular  contact  area  and  high  contact  angle.  Once  this  surface  became  slightly 
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seen  on  the  three  images  (specially  on  c).  On  a  smooth  surface,  surface  refraction 
through  the  drop  looks  smooth,  a)  Top  view,  b)  Angled  view,  c)  Close-up  of 
pinning  point  and  air  pockets  visible  through  the  drop . 22 
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and  roughness  features  are  not  to  scale.  Usually  roughness  features  are  in  the 
order  of  pm  and  nm  while  drops  are  in  the  order  of  nun  and  cm  (Image  and 
wording  used  with  the  kind  permission  of  Parham  Zabeti) . 22 
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Figure  22:  SEM  Images  of  the  first  sample  (unworn)  at  100X,  500X,  2,500X,  5,000X  and 
50,000X  magnification  respectively  taken  at  a  tilt  of  45°  showing  the  detail  and 
different  sizes  of  the  roughness  features.  This  sample  was  coated  with  the 
Organoclay  Nanocomposite  Superhydrophobic  Film  from  the  University  of 
Illinois.9  No  details  were  provided  with  this  sample  regarding  coating  thickness 
or  coating  technique . 


24 


Figure  23:  SEM  Images  of  the  second  sample  (worn  by  stomping  from  using  as  mat)  at  100X, 
500X,  2,500X,  5,000X  and  50,000X  magnification  respectively  taken  at  a  tilt  of 
45°  showing  the  detail  and  different  sizes  of  the  roughness  features.  This  sample 
was  coated  with  the  Organoclay  Nanocomposite  Superhydrophobic  Film  from  the 
University  of  Illinois.9  No  addition  details  were  provided  with  this  sample 
regarding  coating  thickness  or  coating  technique.  It  was  only  mentioned  that  this 
sample  had  been  stomped  on  and/or  used  as  a  mat . 26 

Figure  24:  Sa  and  Sq  parameters  are  the  volumetric  counterparts  of  Ra  and  Rq  and  are  plotted 
at  three  different  magnifications  (20X,  50X  and  100X)  for  the  three  samples 
tested.  It  can  be  seen  that  the  values  for  each  magnification  follow  the  same  trend. 
Flowever,  the  1 00X  magnification  data  is  shifted.  This  relates  to  the  idea  of 
having  more  than  one  roughness  scale  and  its  effects  on  roughness 
measurements.6 . 28 

Figure  25:  Ssk  and  Sku  parameters  are  the  volumetric  counterparts  of  Rsk  and  Rku  and  are 
plotted  at  three  different  magnifications  (20X,  50X  and  100X)  for  the  three 
samples  tested.  It  can  be  seen  that  the  trends  for  each  magnification  are  very 
different  from  each  other  unlike  the  plots  for  Sa  and  Sq  in  Figure  24.  Ssk  and  Sku 
parameters  seem  to  converge  at  the  third  sample  (the  most  worn  sample),  yet  the 
different  trends  also  relate  to  the  idea  of  having  more  than  one  roughness  scale . 28 

Figure  26:  r  parameter  plotted  at  three  different  magnifications  (20X,  50X  and  100X)  for  the 
three  different  samples.  The  trends  for  each  magnification  are  similar  to  the  trends 
of  Sa  and  Sq.  This  parameter  shows  an  increasing  trend  meaning  that  more 
surface  area  has  been  developed  with  wear.  For  this  to  be  possible,  either  the 
coatings  between  samples  are  different,  or,  subjecting  the  surface  to  wear  has 


DRDC  Atlantic  CR  2010-315 


IX 


Figure  27: 


Figure  28: 


Figure  29: 


Figure  30: 


Figure  3 1 : 


Figure  32: 


Figure  33: 


Figure  34: 


modified  the  original  roughness  in  a  way  that  has  increased  the  distance  between 
the  peaks  and  the  valleys . 

5,000X  SEM  Images  of  one  coat  of  the  first  batch  of  superhydrophobic  coating 
without  additional  Teflon™  coating  (scale  is  2  pm  for  the  three  images).  It  can  be 
seen  that  this  mix  (without  Zonyl®)  seems  to  provide  the  required  surface 
roughness  to  satisfy  the  Cassie-Baxter  wetting  model.  However,  a  significant 
difference  can  be  observed  between  the  sizes  of  the  roughness  features  in  the  three 
samples,  with  sample  1  having  the  roughest  appearance,  a)  Heavy  coat  on 
aluminum  foil,  b)  Light  coat  on  copper  tape,  c)  Light  coat  on  aluminum  foil . 

1,000X  SEM  images  taken  at  45°  of  the  second  batch  of  coating  applied  in  light 
coats  on  Sample  1  (scale  is  1 0  pm  for  the  three  images).  It  can  be  seen  that  there 
are  portions  of  aluminum  foil  that  were  not  covered  (areas  denoted  by  white 
arrows).  It  can  also  be  observed  that  the  roughness  of  the  coatings  is  very 
different  with  Zonyl®  incorporated  in  the  mixture.  The  roughness  features  do  not 
look  as  jagged  and  sharp  as  they  did  in  Figure  27.  a)  1  Coat,  b)  2  Coats,  c)  3 
Coats . 

1,000X  SEM  images  taken  at  45°  of  the  second  batch  of  coating  applied  in 
medium  coats  on  Sample  2  (scale  is  10  pm  for  the  three  images).  There  are  still 
portions  of  aluminum  foil  that  were  not  covered  (areas  denoted  by  white  arrows) 
with  the  first  coat.  Coating  is  apparently  more  even  than  with  the  thinner  coats 
from  Figure  28.  a)  1  Coat,  b)  2  Coats,  c)  3  Coats . 35 

1,000X  SEM  images  taken  at  45°  of  the  second  batch  of  coating  applied  in  heavy 
coats  on  Sample  3  (scale  is  10  pm  for  the  three  images).  There  are  no  portions  of 
aluminum  foil  that  were  not  covered.  The  coating  appears  more  even  than  those 
on  Samples  1  and  2.  After  three  coats  (c),  roughness  features  are  not  as  prominent 
as  on  other  samples,  a)  1  Coat,  b)  2  Coats,  c)  3  Coats . 35 

1 ,000X  SEM  Image  of  1  coat  of  Batch  #  3  of  Superhydrophobic  Coating  on 
Aluminum  foil.  Coating  and  roughness  features  appear  very  similar  to  those  on 
the  samples  obtained  from  the  University  of  Illinois  (Figure  22).  Some  portions 
of  uncoated  aluminum  foil  can  be  seen  (area  denoted  by  black  arrow).  Image 
scale  is  10  pm . 37 

1 ,000X  SEM  Image  of  1  coat  of  Batch  #  3  of  Superhydrophobic  Coating  on 
Smooth  Glass.  Sample  is  slightly  less  superhydrophobic  than  the  other  samples. 

Might  be  because  some  more  areas  of  the  glass  surface  were  not  coated  (areas 
denoted  by  white  arrows.  Image  scale  is  10  pm . 37 

1 ,000X  SEM  Image  of  1  coat  of  Batch  #  3  of  Superhydrophobic  Coating  on 
Cardboard.  The  surface  of  the  cardboard  is  not  visible,  indicating  that  either  the 
coat  was  properly  applied  or  the  roughness  of  the  cardboard  surface  has  features 
similar  in  size  to  those  added  with  the  coating.  This  may  explain  why  coated 
cardboard  appears  to  be  even  more  superhydrophobic  than  coated  glass  (Figure 
32).  Image  scale  is  10  pm . 38 

1 ,000X  SEM  Image  of  1  coat  of  Batch  #  3  of  Superhydrophobic  Coating  on  balsa 
wood.  This  surface  is  also  very  superhydrophobic.  This  may  be  in  part  due  to  the 
roughness  already  present  on  the  wood  before  coating  (similar  to  the  cardboard 
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case  in  Figure  33).  This  image  shows  that  some  portions  of  the  surface  were  not 
coated  (denoted  with  black  arrows),  but  it  also  shows  how  the  coating  has  being 
moulded  to  fit  the  shape  of  the  roughness  features  already  present  (white  arrows). 
Image  scale  is  10  pm . 38 

Figure  35:  Advancing,  Receding  (left  axis)  and  Flysteresis  (right  axis)  contact  angles  of  water 
for  each  of  the  coated  aluminum  sheet  samples.  Although  all  the  surfaces  are 
superhydrophobic,  it  can  be  seen  that  the  samples  coated  with  the  external  mixing 
airbrush  (1  -  4)  benefit  from  additional  coats.  The  samples  coated  with  the  internal 
mixing  airbrush  (5  -  8)  show  very  little  change  in  the  advancing  contact  angle 
with  increased  number  of  coats  yet  show  and  improvement  in  the  receding  contact 
angle . 39 

Figure  36:  Advancing,  Receding  (left  axis)  and  Flysteresis  (right  axis)  contact  angles  of  water 
for  each  of  the  coated  aluminum  sheet  samples.  These  samples  are  coated 
incrementally  only  with  the  internal  mixing  airbrush.  There  is  a  very  slight 
increasing  trend  for  the  advancing  and  receding  contact  angles  with  increased 
number  of  coats.  There  is  also  a  very  slight  decrease  in  hysteresis  for  the  same 
incremental  coating . 40 
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1  Introduction 


Superhydrophobic  surfaces  (SHS)  are  naturally  occurring  (lotus  leaves)  and  man-made  surfaces 
(plasma  etched  PTFE)  that  are  very  hard  to  wet.  The  interaction  between  the  water  drops  and 
these  hydrophobic  surfaces  was  first  studied  and  documented  by  Thomas  Young  in  1 805. 1 
Generally,  hydrophilic  surfaces  have  contact  angles  9  from  0°  to  30°,  hydrophobic  surfaces  have 
contact  angles  greater  than  90°  and  superhydrophobic  surfaces  have  contact  angles  greater  than 
150°. 2  These  surfaces  are  commonly  referred  to  as  self-cleaning  surfaces.  The  topic  of 
superhydrophobic  surfaces  has  gained  marked  interest  in  academic,  industrial  and  commercial 
research.  The  focus  of  this  research  lies  in  fundamental  research  and  practical  manufacturing.3  In 
particular,  much  of  this  research  is  geared  specifically  towards  the  development  of  advanced 
superhydrophobic  surfaces,  materials  and  coatings  with  practical  purposes.  It  is  fair  to  say  that 
the  properties  of  superhydrophobic  surfaces  and  the  requirements  to  achieve  such  properties  are 
understood  well  and  broadly  thanks  to  the  active  participation  of  universities  and  corporations. 
However,  very  little  knowledge  has  been  gained  on  understanding  the  durability  and  robustness 
of  these  materials.  It  is  necessary  to  understand  how  superhydrophobic  surfaces  change  as  they 
wear  so  that  steps  can  be  taken  to  make  these  surfaces  a  reality  in  production. 

The  goal  of  this  research  work  is  to  study  and  understand  how  different  superhydrophobic 
surfaces  and  their  properties  (i.e.  topography,  chemistry)  change  when  they  are  subjected  to 
different  kinds  of  wear  (i.e.  by  abrading,  impacting,  scratching)  in  order  to  be  able  to  recommend 
on  the  design  of  such  surfaces.  The  changes  in  the  properties  of  the  surfaces  can  be  observed  by 
studying  the  different  surface  roughness  parameters  and  the  surfaces’  wetting  behaviour.  The 
surfaces’  topographical  and  chemical  properties  can  be  altered  together  or  independently.  This 
can  be  achieved  by  looking  at  surfaces  whose  chemistry  would  not  change  with  wear  (plasma 
etched  PTFE),  surfaces  whose  topography  would  not  change  with  wear  (smooth  glass  coated  with 
Teflon®)  or  surfaces  in  which  both  properties  would  be  changed  simultaneously  (acid  etched 
Aluminum  coated  with  Teflon®).  The  information  gathered  from  this  work  can  be  directly 
applied  to  the  design  of  superhydrophobic  surfaces  and  coatings  so  that  water  repellency  and 
surface  durability  can  be  optimized  (higher  contact  angles  and  longer  durability). 

The  scope  of  this  research  work  is  limited  to  studying  surfaces  where  topography  alone  as  well  as 
topography  and  chemistry  are  altered  or  worn.  The  reason  for  excluding  surfaces  in  which  only 
chemistry  is  changed  is  that  it  would  become  the  study  of  a  coating  on  a  smooth  substrate.  Such 
smooth  surfaces  coated  with  a  hydrophobic  material  (i.e.  Teflon®  on  smooth  glass)  are  not 
superhydrophobic  since  they  lack  the  component  of  porosity  or  roughness  required  to  achieve 
superhydrophobicity.4 

The  work  has  been  performed  in  three  stages  and  therefore  the  experimental  details  and  the 
results  gathered  at  each  stage  are  presented  in  three  separate  sections: 

1.  Wearing  Plasma  Etched  PTFE:  focused  on  developing  abrasive  wear  testing  method  and  an 
initial  relationship  between  roughness  parameters  and  wetting  behaviour. 

2.  Wearing  Aluminum  Foil  coated  with  Superhydrophobic  Coating:  focused  on  the 
relationship  between  roughness  parameters,  wetting  behaviour  and  roughness  scales. 
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3.  Developing  Superhydrophobic  Coating:  focused  on  the  relationship  between  the 
topographical  properties,  chemical  properties  and  wetting  behaviour  of  a  superhydrophobically 
coated  surface  as  well  as  coating  techniques  and  their  relationship  to  surface  roughness  and  final 
superhydrophobicity. 

The  surface  roughness  data  (Table  1)  is  collected  by  using  a  white  light  Confocal  Scanning 
Microscope  (CSM),  high  resolution  surface  topography  images  are  obtained  with  a  Scanning 
Electron  Microscope  (SEM)  and  wetting  behaviour  contact  angles  of  water  are  measured  with 
Axisymmetric  Drop  Shape  Analysis  (ADSA).  Other  results  are  qualitative  in  nature  and  based 
primarily  on  observations. 

Table  1:  List  and  definitions  of  available  Roughness  Parameters 


Linear  Parameters 

Ra 

Arithmetic  average  roughness 

Mean  square  root  roughness 

Rv 

Maximum  trough  depth 

Rz 

Maximum  height  roughness 

Rc 

Average  height  of  roughness  curve  element 

Rt 

Maximum  section  height  of  roughness  curve  element 

Rv 

Maximum  crest  height 

Rsk 

Roughness  curve  skewness 

Rku 

Roughness  curve  kurtosis 

Rsm 

Average  length  of  roughness 

Volume  Parameters 
Sa  Arithmetic  mean  height 

Sq  Root  mean  square  height  of  the  scale  limited  surface 

Sz  Maximum  height  of  scale  limited  surface 

Ssk  Skewness  of  scale  limited  surface 

Si™  Kurtosis  of  scale  limited  surface 

Sp  Maximum  peak  height 

Sv  Maximum  trough  depth 

Sk  Difference  of  core  level 

Spk  Reduced  peak  height 

SVk  Reduced  valley  height 

iSmri  Load  area  ratio  separating  reduced  peak  height  and  core 

,Smi-2  Load  area  ratio  separating  reduced  valley  depth  and  core 

Vvc  Core  void  volume  of  the  texture  surface 

Vyy  Valley  void  volume  of  the  texture  surface 

Vmp  Material  volume  of  the  texture  surface 

Vmc  Core  material  volume  of  the  texture  surface 

Sdq  Root  mean  square  surface  slope  comprising  the  surface 

SW  Developed  interfacial  area  ratio 
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S'ds  Summit  density 

Ssc  Mean  summit  curvature 

St  Maximum  height  of  topographic  surface 

Sioz  Ten  point  height  of  surface 


Geometrical  Features 


Volume 

Surface 

Area 

Maximum 

Peak 

Height 

r 

f 


Volume  of  surface  above  a  specified  height 

Surface  area  of  the  topography  above  a  specified  height 

Maximum  height  found  measured  from  a  specified  reference  height 


Roughness  factor  is  the  ratio  of  the  surface  roughness  to  the  projected 
area  of  the  topography 

Ratio  of  surface  area  wet  by  liquid  (above  a  specified  height)  to  total 
surface  area 


It  has  been  detemiined  that  under  the  operating  conditions  described  in  the  following  sections  that 
these  superhydrophobic  surfaces  (specifically  plasma  etched  PTFE)  can  be  worn  sufficiently  to 
show  reduction  in  hydrophobicity  with  receding  contact  angles  as  low  as  70°.  It  was  also  found 
that  advancing  and  receding  contact  angles  are  not  equally  susceptible  to  wear,  with  receding 
contact  angles  showing  higher  sensibility  to  surface  changes  after  wear.  These  changes  and 
differences  between  advancing  and  receding  contact  angles  (hysteresis)  were  compared  with 
roughness  parameters  and  surface  topography  data  in  order  to  determine  the  relationship  between 
them.  One  parameter  that  stands  out  first  is  Rsk  (skewness),  showing  significant  changes  in  its 
trend  that  can  be  directly  related  to  changes  in  wetting  and  hysteresis.  Other  parameters  such  as 
Ra,  Rq,  Rku,  Sa,  Sq,  Ssk,  Sku,  r,  f  and  Surface  Area  have  been  found  to  show  trends  or  changes 
that  can  be  related  to  wetting  behaviour  better  than  the  rest.  These  select  parameters  however 
were  shown  to  have  different  trends  when  looking  at  different  roughness  scales  (data  obtained  by 
examining  the  surface  roughness  information  at  different  magnifications).  This  information  was 
used  to  determine  which  parameters  are  and  which  are  not  affected  when  processing  different 
roughness  scales.  This  provides  a  more  comprehensive  understanding  of  how  to  interpret  the 
different  roughness  parameters  between  different  superhydrophobic  surfaces  since  these  surfaces 
will  most  likely  have  different  substrates,  coatings  or  roughness  scales  (i.e.  Teflon®  coated 
aluminum  roughened  through  acid  etching  versus  smooth  glass  coated  with  superhydrophobic 
coating  made  with  nano-particles). 

In  the  following  sections,  additional  details  are  provided  about  the  different  parts,  experimental 
methods,  results  obtained  and  conclusions  the  conclusions  drawn  from  such  results. 
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2  Wearing  Plasma  Etched  PTFE 


2.1  PHASE  I 

2.1.1  Experimental  Details 

The  first  phase  of  the  experimental  work  conducted  on  wearing  Superhydrophobic  Surfaces 
(SHS)  was  divided  in  three  main  parts:  1)  Experimental  set-up  and  feasibility  investigation,  2) 
Preliminary  experiments,  observations  and  qualitative  analysis  and  3)  Experimental  work  with 
complete  quantitative  data  collection  and  analysis.  The  goals  for  the  different  parts  are  to: 

-  Successfully  set-up  and  abrading  experiment. 

-  Determine  optimum  running  experimental  conditions  for  Plasma  Etched  PTFE. 

-  Gather  data  and  establish  relationships  between  surface  properties  and  wetting  behaviour. 

2. 1.1.1  First  Part:  Experimental  Set-up  and  Feasibility  Investigation 

The  First  Part  centered  on  the  investigation  of  practical  abrading  materials,  abrading  conditions 
and  experimental  feasibility  analysis  for  plasma  etched  PTFE  and  acid  etched  (coated  and 
uncoated)  Aluminum.  Other  wear  tests  have  also  been  considered  and  are  still  under 
investigation.  Examples  of  other  tests  are  impact  and  scratching  tests  and  are  discussed  later  in 
this  report.  The  initial  goal  was  to  be  able  to  successfully  set  up  an  abrading  experiment  that 
would  allow  the  following: 

-  Control  over  how  much  wear  a  surface  was  subject  to. 

-  Random  wear  pattern  (non-directional). 

-  Consistent  results  (repeatability). 

-  Little  to  no  contamination  of  samples  tested. 

-  Ability  to  choose  abrading  material  (i.e.  sand  particles,  glass  beads,  etc.) 

Based  on  these  initial  requirements,  the  experiment  was  designed  around  standard  test 
specification  ASTM  F735-06  (Standard  Test  Method  for  Abrasion  Resistance  of  Transparent 
Plastics  and  Coatings  using  the  Oscillating  Sand  Method).  It  was  decided  that  this  standard  was 
appropriate  for  superhydrophobic  surfaces  since  some  of  them  are  indeed  coated  (i.e.  Teflon® 
coated  acid  etched  Aluminum  or  superhydrophobic  coating  coated  samples)  or  posses  qualities 
similar  to  coated  samples  (i.e.  Plasma  Etched  PTFE).  Based  on  the  details  given  in  the  ASTM 
standard,  it  was  decided  that  these  superhydrophobic  surfaces  would  be  placed  flat  at  the  bottom 
of  a  recipient  with  abrading  material  covering  the  surface.  Whichever  abrading  material  is  used 
should  move  in  a  random  motion  parallel  to  the  surface.  The  motion  of  the  material  should  be 
easily  controlled  (i.e.  cycles  per  minute  or  revolutions  per  minute)  and  the  material  and  its  amount 
should  be  easily  changed  (i.e.  material  volume  or  material  height). 

To  perform  this  experiment,  and  for  close  resemblance  to  the  ASTM  standard,  a  Gyratory  Shaker 
made  by  New  Brunswick  Scientific  Co.  (model  G2)  was  selected.  The  shaker  moves  in  circular 
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motion,  has  a  dial  that  controls  rpm  from  0  to  500  and  is  originally  designed  with  a  flat  top  where 
usually  glassware  containing  a  particular  substance  is  placed.  Shakers  like  these  have  been  used 
to  stir  substances  but  are  currently  being  replaced  by  magnetic  stirrers.  Having  obtained  this 
particular  gyratory  shaker,  it  was  modified  to  fit  our  experimental  plan  and  the  standard.  A  tray 
with  a  capacity  to  hold  up  to  3200  mL  (10”  L  x  10”  W  x  2”  H)  of  abrading  material  was  made 
and  attached  to  the  shaker.  This  tray  is  slotted  at  the  bottom  to  fit  samples  ( 1  %”  x  1  %”)  flush 
with  the  tray  so  that  the  sample’s  edges  do  not  interfere  with  the  abrading  material. 

The  abrading  materials  considered  were  sand  particles  and  glass  beads.  These  abrading  materials 
conform  to  the  initial  specification  of  the  standard  and  are  materials  commonly  used  for  eroding 
manufacturing  processes  as  well  as  for  sandblasting.  Both  of  these  materials  are  obtained  easily 
and  inexpensively.  Initial  testing  of  these  materials  rendered  them  adequate  for  testing  purposes, 
therefore  no  other  abrading  materials  have  been  considered  since.  Each  of  these  materials  was 
tested  and  yielded  different  results: 

a.  Sand  Particles 

♦  Particles  are  very  irregular  in  shape  and  size. 

♦  Generally  brown  in  color. 

♦  Very  abrasive,  making  it  more  difficult  to  control  proper  amount  of  wear  desired. 

♦  Surfaces  contained  dirt/impurities  after  being  worn  and  even  after  being  cleaned 
making  the  white  Plasma  Etched  PTFE  samples  were  light  yellow  to  light  brown  in 
color. 

The  following  figures  show  the  topography  of  Plasma  Etched  PTFE  unworn  (Figure  1),  worn  for 
5  minutes  at  300  rpm  and  uncleaned  (Figure  2)  and  worn  for  5  minutes  at  300  rpm  and  cleaned 
(Figure  3). 


Figure  1:  SEM  Image  of  unworn  Plasma  Etched  PTFE.  The  roughness  and  pillars  can  be  clearly 

observed.  Image  scale  is  2  pm. 
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Figure  2:  SEM  Image  of  Plasma  Etched  PTFE 
sample  after  being  worn  with  sand.  The 
sample  has  not  been  cleaned  after  wearing  and 
shows  the  presence  of  small  sand  particles 
roughly  2  pm  in  size.  Image  scale  is  2  pm. 


Figure  3:  SEM  Image  of  Plasma  Etched  PTFE 
sample  after  being  worn  with  sand.  The 
sample  has  been  cleaned  in  an  ultrasonic  bath 
after  wearing  and  still  shows  the  presence  of 
small  sand  particles  roughly  2  pm  in  size. 
Image  scale  is  2  pm. 


The  irregular  shape  of  the  sand  particles  can  be  observed  on  Figure  2  and  Figure  3  their  presence 
even  after  ultrasonically  cleaning  the  samples  in  ethanol  following  the  procedure  described  in 
Annex  A.  It  can  also  be  observed  that  the  abrading  conditions  used  (5  minutes  at  300  rpm  in  'A 
inch  of  glass  bead  height)  change  the  topography  of  the  surface  dramatically.  This  leads  to  the 
investigation  of  the  second  abrading  material:  glass  beads. 

b.  Glass  Beads 

♦  Particles  are  more  uniform  in  shape  and  size  (roughly  spherical). 

♦  Colorless/Transparent. 

♦  Not  as  abrasive  as  sand,  therefore  allowing  more  control  over  amount  of  wear 
desired. 

Samples  show  little  to  no  contamination  after  being  ultrasonically  cleaned  in  ethanol. 


6 


DRDC  Atlantic  CR  2010-315 


Figure  4:  SEM  Image  of  Plasma  Etched  PTFE  sample  after  being  worn  with  glass  beads.  The 
sample  has  not  been  cleaned  after  wearing  and  shows  the  presence  of  one  glass  bead  roughly  25 
pm  in  diameter.  Notice  there  is  no  contamination  visible  on  the  rest  of  the  image.  Image  scale  is 

10  pm. 

It  can  also  be  seen  from  Figure  4  that  glass  beads  can  induce  an  amount  of  wear  that  goes  beyond 
the  requirements  of  the  experiment  since  the  sample  shown  is  no  longer  superhydrophobic  based 
on  wetting  observations. 

Although  it  was  seen  that  sand  particles  proved  to  be  sufficiently  abrasive  for  the  experiment 
(they  can  wear  the  surface  beyond  our  requirements),  it  was  determined  that  they  were  too 
aggressive,  limiting  the  amount  of  control  over  how  much  surface  can  be  worn.  Figures  2  and  3 
show  that  the  surface  is  not  only  worn  but  also  tom,  generating  a  new  roughness  on  the  sample 
that  would  alter  any  data  collected  through  characterization  (i.e.  roughness  parameters  and 
wetting  behaviour).  The  sample  worn  with  glass  beads  in  Figure  4  shows  a  less  violent  form  of 
abrasion  (no  significant  amount  of  tearing,  mostly  just  leveling  of  the  roughness  features).  The 
sand  particles  used  also  left  traces  on  the  sample  (therefore  becoming  part  of  the  roughness) 
changing  the  wetting  behaviour.  It  was  mainly  for  these  reasons  that  glass  beads  were  chosen  as 
the  appropriate  medium  to  wear  the  PTFE  samples  allowing  the  experiment  to  better  reach  the 
initial  goal  and  requirements. 

2. 1.1. 2  Second  Part:  Preliminary  Experiments,  Observations  and  Quantitative 

Analysis 

The  Second  Part  focused  on  test  runs  of  the  experiment  in  order  to  determine  the  adequate 
wearing  conditions  for  PTFE.  The  factors  that  would  influence  the  wearing  conditions,  as 
established  in  the  ASTM  standard  and  as  mentioned  in  the  First  Part,  are  shaker  rpm 
(velocity/energy  of  particles  abrading  the  surface),  amount  of  abrading  material  (height/volume  of 
material)  and  wearing  interval  (length  of  time  a  sample  is  subject  to  wear). 

It  was  determined  that  the  experimental  set-up  allows  for  sufficient  wear  of  both  Plasma  Etched 
PTFE  as  well  as  Acid  Etched  Aluminum.  The  goal  is  to  be  able  to  fine  tune  the  operating 
conditions  such  that  changes  in  the  wetting  behaviour  of  the  surface  can  be  observed  and  captured 
with  the  different  characterization  techniques  used  (CSM,  SEM,  ADSA).  Figure  5  and  Figure  6 
show  the  unworn  and  worn  acid  etched  Aluminum  samples  respectively. 
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Figure  5:  SEM  Image  of  unworn  Acid  Etched 
superhydrophobic  Aluminum  shows  various 
levels  of  roughness.  Image  scale  is  10  pm. 


Figure  6:  SEM  Image  of  an  Acid  Etched 
superhydrophobic  Aluminum  sample  worn  with 
glass  beads  for  5  minutes  at  300  rpm.  Sample 
has  lost  most  of  its  roughness  and  is  no  longer 
hydrophobic.  Image  scale  is  10  pm. 


It  was  determined  that  !4  inch  of  glass  bead  height  running  at  300  tpm  for  30  second  intervals  was 
excessively  abrasive  for  Plasma  Etched  PTFE.  It  was  also  found  that  less  than  200  rpm  was  not 
sufficient  to  generate  a  significant  amount  of  wear  due  to  very  limited  relative  motion  between 
the  glass  beads  and  the  shaker  tray  (<0.5  cm).  Such  small  relative  motion  would  not  change  the 
topography  and  the  wetting  behaviour  of  the  surfaces.  To  start,  200  rpm  were  chosen  as  the  bare 
minimum  for  wearing  the  plasma  etched  PTFE.  This  setting  maximized  the  amount  of  time  a 
sample  would  transition  from  one  wetting  result  to  another,  allowing  us  to  properly  capture  the 
transition  points  between  superhydrophobic  (0  >  150°),  hydrophobic  (0  >  90°)  and  no  longer 
hydrophobic  (6  <  90°)  behaviour. 

From  this  experimental  work,  a  standard  operating  and  wearing  procedure  was  developed  for 
appropriately  wearing  (allowing  for  observation  of  changes  in  wetting  behaviour)  and 
characterizing  plasma  etched  PTFE  samples  and  is  included  in  Annex  B.  The  procedure  is 
generic  and  can  be  applied  for  different  superhydrophobic  materials.  Changes  and  adjustments  to 
lpm,  abrading  material  height/volume  and  wearing  time  interval  are  required  for  every  different 
superhydrophobic  material. 

2. 1.1. 3  Third  Part:  Experimental  Work  with  Complete  Quantitative  Data 

Collection  and  Analysis 

The  Third  Part  was  the  complete  experimental  work  with  quantitative  data  collection  based  on  the 
final  conditions  established  from  the  Second  Part.  The  goal  of  this  experimental  work  was  to 
better  understand  the  relationship  between  the  roughness  parameters  and  the  wetting  behaviour  of 
the  samples.  Each  of  the  samples  studied  underwent  characterization  with  different  methods. 
Roughness  parameters  were  obtained  by  using  white  light  Confocal  Scanning  Microscopy 
(CSM),  surface  topography  was  obtained  by  using  Scanning  Electron  Microscopy  (SEM)  and 
wetting  behaviour  was  obtained  by  using  Axisymmetric  Drop  Shape  Analysis  (ADSA). 


DRDC  Atlantic  CR  2010-315 


The  relationships  between  the  surface  properties  and  the  wetting  behaviour  were  made  primarily 
by  examining  the  trends  in  the  various  roughness  parameters  mentioned  in  Table  1  and  relating 
them  to  the  trends  seen  in  the  wetting  data  gathered.  Both  results  (roughness  parameters  and 
wetting  data)  were  then  compared  to  the  topography  of  the  surface  (qualitative  SEM  Images)  in 
order  to  better  understand  how  the  physical  changes  on  the  surface  dictate  the  quantitative  data 
gathered  with  CSM  and  ADSA. 

The  first  experimental  results  were  collected  after  wearing  a  Plasma  Etched  PTFE  sample  at  200 
rpm  for  a  glass  bead  depth  of  Vi  inch  at  30  second  wearing  intervals.  These  conditions  allowed 
for  the  observation  of  a  transition  in  wetting.  As  shown  in  Figure  2.7,  there  is  an  increasing 
change  of  hysteresis  with  increased  wear  time  can  be  clearly  observed  (starting  between  3  and  3.5 
minutes  of  wear).  It  is  worth  noting  that  the  advancing  contact  angle  remains  roughly 
superhydrophobic  (lowest  at  7.5  minutes  for  146°)  while  the  receding  contact  angle  continues  to 
decrease  to  68°,  well  below  the  hydrophobic  regime.  This  behaviour  is  observed  with  ADSA  as 
pinning  of  the  drop  as  it  recedes.  The  term  ‘pinning’  is  used  to  describe  the  scenario  when  a 
water  drop  is  receding  on  a  surface,  but  the  contact  radius  of  the  drop  remains  the  same  while  the 
contact  angle  is  decreasing.'' 


012345678 

Wear  time  (minutes) 

Figure  7:  Advancing ,  Receding  and  Hysteresis  contact  angles  of  water  vs.  wear  time  for  Plasma 
Etched  PTFE.  A  decreasing  Receding  contact  angle  can  be  seen  as  wear  time  increases.  The 
difference  between  the  Advancing  and  the  Receding  contact  angles  is  plotted  as  the  Hysteresis. 
This  difference  is  observed  as  pinning  of  the  drop  when  it  is  receding.  Sample  was  worn  at  200 
rpm  with  Z2  inch  glass  bead  depth  in  30  seconds  wear  intervals. 
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Figure  8:  A  water  drop  receding  across  a  worn  Plasma  Etched  PTFE  sample.  The  water  drop  is 
receding  from  a)  to  c).  This  transition  is  defined  as  “ pinning ”  as  the  points  where  the  drop 
contacts  the  surface  remain  at  the  same  place  (constant  contact  radius)  with  a  decreasing 
receding  contact  angle.  The  white  line  in  the  images  is  a  constant  length  throughout  and  is  just  a 
reference  line  to  show  a  constant  contact  radius.5 
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Figure  9:  A  plot  of  contact  radius  against  the  contact  angle  as  a  water  drop  is  first  advancing, 
then  pinning ,  and  then  receding  across  a  worn  plasma  etched  PTFE  sample.  During  the  pinning 
transition,  the  contact  radius  remains  fairly  constant  while  the  contact  decreases  until  the  water 
droplet  starts  receding  at  a  lower  contact  angle.5  Sample  worn  at  200  rpm  with  ‘A  inch  glass 

bead  height  at  30  seconds  wear  intervals. 
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Although  the  increase  in  hysteresis  has  been  captured  through  wetting  analysis,  it  is  not  clear 
where  the  onset  of  this  pinning  starts.  This  means  that  the  experimental  operating  conditions 
have  to  be  tuned  further  to  better  capture  the  transition  point  (pinning  behaviour)  from  low  to 
increasing  hysteresis.  Nonetheless,  these  initial  results  were  sufficient  to  start  developing  the 
fundamental  basis  of  the  relationship  between  changes  in  roughness  and  wetting.  Out  of  the  37 
relevant  roughness  parameters  defined  in  Table  1,  13  of  these  parameters  were  selected  as  the 
ones  that  show  a  closer  relationship  between  the  changes  in  roughness  properties  and  wetting 
behaviour  based  on  observations  of  their  trends.  Four  parameters  relate  to  linear  data:  Ra,  Rq, 
Rsk  and  Rku.  Six  parameters  relate  to  volumetric  data:  Sa,  Sq,  Ssk,  Sku,  Sdr  and  Sds.  Three 
parameters  relate  to  geometrical  features:  Surface  Area,  r  and  f.  The  parameters  Sa,  Sq,  Ssk  and 
Sku  are  the  volumetric  counterparts  of  Ra,  Rq,  Rsk  and  Rku.  The  parameters  Sdr,  Surface  Area,  r 
and  f  are  all  based  on  a  relationship  between  the  developed  (rough)  surface  area  and  the  projected 
(planar)  surface  area.  Of  particular  interest  for  the  first  experiments  are  the  parameters  Rsk  and 
Ssk  (linear  and  volumetric  parameter  related  to  skewness)  shown  in  Figure  10. 


Wear  Time  (minutes)  Wear  Time  (minutes) 


Figure  10:  Plot  of  skewness  parameters  (Rsk  left  and  Ssk  right)  for  Plasma  Etched  PTFE  sample 
worn  at  200  rpm  ‘A  inch  of  glass  beads  at  30  second  intervals.  This  parameter  shows  a  jump 
between  3  and  3.5  minutes  (with  relatively  constant  values  before  and  after).  This  is  the  same 
sudden  change  seen  for  the  wetting  data  in  Figure  7. 


The  skewness  parameters  are  defined  as  the  measure  of  the  2-D  and  3-D  skewness  of  a  surface 
and  are  used  to  quantify  the  symmetry  of  a  surface  along  a  line  of  cross  section.  When  skewness 
is  negative,  it  means  that  the  surface  consists  of  deep  valleys  instead  of  tall  peaks,  while  positive 
skewness  is  the  opposite.5  The  jump  seen  with  Rsk  and  Ssk  shows  the  clearest  relationship  to  the 
wetting  data  in  the  sense  that  these  parameters  show  similar  values  before  water  drop  pinning  and 
different  magnitude  yet  similar  values  after  drop  pinning.  In  the  case  of  Rsk,  positive  parameters 
are  seen  before  the  pinning  behaviour  and  negative  values  after  the  pinning  behaviour  starts.  The 
fact  that  these  parameters  show  a  good  relationship  to  the  wetting  results  does  not  mean  that  the 
other  parameters  are  ineffective.  For  example,  the  surface  parameters  also  show  a  trend  that  can 
be  closely  related  to  the  wetting  behaviour.  Figure  1 1  and  Figure  12  show  the  trends  of  the  non- 
dimensional  r  parameter  (roughness  area  to  projected  area  ratio6)  and  the  non-dimensional  Sds 
parameter  (summit  density)  with  increased  wear  time. 
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Figure  11:  Plot  of  the  r  parameter  for  worn 
Plasma  Etched  PTFE  sample  shows  a  sharp 
decrease  in  rough  surface  area  with  increased 
wear  time. 


Figure  12:  Plot  of  the  Sds  parameter  for  worn 
Plasma  Etched  PTFE  sample  shows  an 
increasing  trend  with  wear  time  and  also 
captures  the  sudden  change  in  wetting  at  3-3.5 
minutes. 


It  can  be  said  that  not  a  single  parameter  would  accurately  and  singularly  replicate  the  trend 
observed  for  the  wetting  behaviour,  instead,  a  combination  of  relevant  parameters  woidd  be  most 
appropriate.  To  be  able  to  interconnect  the  different  parameters,  more  data  needs  to  be  collected 
from  different  surfaces  to  be  able  to  adequately  understand  the  physical  implications  of  each  of 
the  roughness  parameters  as  they  change  with  wear.  This  requires  more  time  to  test  more  samples 
and  is  currently  part  of  an  ongoing  investigation. 

The  experiment  was  carried  out  three  more  times  under  different  conditions  in  order  to  better 
understand  the  mechanics  of  the  surface  wear  and  to  better  capture  the  transitions  in  wetting 
behaviour.  The  results  and  discussion  are  reported  separately  in  “Summary  of  Wear  Test  on 
Superhydrophobic  Surfaces”.5  The  experimental  conditions  used  are  summarized  below: 

1.  260  rpm,  !4  inch  glass  bead  depth  at  5  seconds,  10  seconds  and  20  seconds  wear  intervals: 
Focused  on  speeding  up  the  experiment  and  studying  the  effect  of  increased  speed. 

•  Surfaces  exhibited  pinning  after  the  first  wear  interval. 

•  260  rpm  is  more  aggressive  than  what  is  required  to  meet  the  experimental  goals. 

•  Three  different  iterations  showed  good  consistency  in  wetting  behaviour. 

2.  200  rpm,  !4  inch  glass  bead  depth  at  30  seconds  wear  intervals:  Focused  on  replicating  the 
initial  experimental  data  described  in  the  Third  Part  of  Phase  I. 

•  Adjustments  made  to  the  shaker  (changed  belt)  made  test  more  aggressive  than  before  due 
to  increased  energy  transfer  efficiency. 
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3.  175  rpm  with  Vi  inch  glass  bead  depth  and  187.5  rpm  with  1  inch  glass  bead  depth  at  30 

seconds  wear  intervals:  Focused  on  reducing  the  amount  of  wear  in  order  to  be  able  to  capture  the 
onset  of  the  transition  point  in  wetting  behaviour  as  well  as  investigating  the  energy  threshold  for 
causing  sufficient  wear  on  the  surface. 

•  Speeds  were  chosen  as  they  exhibited  very  slight  relative  motion  of  glass  beads  to  shaker 

tray. 

•  Surfaces  were  worn  although  not  enough  to  show  changes  in  wetting. 

2.2  PHASE  II 

The  second  phase  of  the  experimental  work  focused  on  replicating  the  results  obtained  in  Phase  1 
with  more  precision  in  the  measurements  taken  and  the  procedures  followed.  The  goal  of  this 
experimental  plan  centers  on  the  continuation  of  Phase  1  with  specific  focus  on  the  following 
topics: 

♦  Capturing  drop  pinning  behaviour  (change  in  contact  angle  hysteresis) 

♦  Further  studying  the  relationship  between  roughness  parameters  and  wetting 
behaviour. 

♦  Exploring  the  possibility  of  a  combination  of  different  roughness  parameters  to 
explain  changes  in  surface  wetting. 

♦  Exploring  energy  thresholds  (how  much  energy  is  required  to  wear  the  surface  a 
particular  amount) 

The  experimental  work  was  conducted  by  performing  incremental  wear  on  an  unworn  Plasma 
Etched  PTFE  sample  at  195  rpm  in  1  inch  of  glass  bead  depth  and  at  30  seconds  wear.  In 
between  the  wear  intervals,  the  sample  was  characterized  with  the  CSM  for  roughness 
parameters,  SEM  for  surface  topography  and  ADSA  for  wetting  behaviour.  The  higher  speed  of 
195  rpm  was  chosen  over  the  187.5  rpm  used  last  in  Phase  1  because  187.5  rpm  proved  to  be 
inadequate  for  wearing  the  PTFE  sample  adequately.5  195  rpm  might  break  the  energy  threshold 
found  at  187.5  rpm  and  still  capable  of  yielding  less  aggressive  results  than  those  obtained  at  200 
rpm  after  changing  the  shaker’s  belt. 

The  surface  of  the  PTFE  sample  was  worn  at  the  195  tpm  indicated  with  little  to  no  change  in 
hysteresis  for  up  to  120  (2  minutes)  seconds  as  seen  in  Figure  13.  From  150  seconds  to  180 
seconds  (2.5  -  3  minutes),  some  slight  pinning  was  observed  in  the  receding  phase  with  ADSA  at 
high  water  recharge  volume  rates  (2  pL/s  default  rate  compared  to  0.5  pL/s  experimental  rate). 
This  higher  volume  rate  of  2  pL/s  is  used  when  manually  adjusting  drop  volume  when  setting  up 
the  software  before  capturing  data;  however,  when  conducting  the  wetting  test  and  gathering  data 
at  0.5  pL/s,  little  change  in  hysteresis  was  noticed.  It  has  been  determined  that  around  120  -  150 
seconds  of  wear  (2  -  2.5  minutes),  is  the  point  that  marks  the  onset  of  the  pinning  behaviour  in 
receding  most  clearly  described  with  Figure  7  in  Phase  I.  The  drop  continued  to  pin  very  slightly 
at  the  higher  default  water  volume  rate  of  2  pL/s  (used  when  adjusting  the  software  for  data 
capturing)  up  to  300  seconds  of  wear  (5  minutes).  At  this  point,  a  significant  change  in  hysteresis 
(10.07°)  was  observed  and  captured  as  can  be  seen  in  Figure  13  and  Figure  14. 
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Figure  13:  Contact  Angles  of  water  with  Wear  Time  (in  minutes).  Contact  angle  on  the  left  axis 
and  hysteresis  on  the  right  axis.  This  figure  clearly  shows  little  to  no  change  in  hysteresis  for  a 
total  of 270  seconds  (4.5  minutes)  of  wear  time.  At  300  seconds  (5  minutes),  a  clear  jump  in 
hysteresis  is  observed  marking  the  beginning  of  the  pinning  behaviour  shown  in  Figure  14. 
Sample  was  worn  at  195  rpm  in  1  inch  of  glass  bead  depth  at  30  seconds  intervals. 


a)  b)  c) 


Figure  14:  Pinning  behaviour  of  water  drop  in  the  receding  phase  of  the  wetting  test.  This 
behaviour  is  indicative  of  the  surface  starting  to  lose  its  superhydrophobicity.  a)  Before  pinning 
with  contact  radius  r0  and  receding  at  a  contact  angle  0„.  b)  Last  frame  of pinning  behaviour  with 
the  same  contact  radius  rafrom  ‘a  ’  but  a  lower  contact  angle  6 h  c)  Right  after  releasing  from 
pinning  with  drop  receding  at  a  lower  contact  radius  rt  than  ‘a  ’  and  ‘b  ’  but  at  the  same  contact 

angle  60  as  from  ‘a  ’. 
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Although  the  pinning  is  very  slight  and  sporadic  in  this  surface  after  300  seconds  of  wear,  it 
establishes  the  beginning  of  the  pinning  behaviour  even  though  the  surfaces  remain 
superhydrophobic  with  both  advancing  and  receding  contact  angles  greater  than  150°. 

The  surfaces  were  fully  characterized  with  CSM  by  collecting  data  for  all  the  available 
parameters.  Special  focus  was  given  to  the  14  parameters  described  in  Phase  1.  For  this  wear 
scenario,  the  two  parameters  that  show  the  most  interesting  trends  in  relationship  to  wetting 
behaviour  are  Ssk  (volumetric  counterpart  of  Rsk  described  in  Phase  1)  and  r  (roughness  area  to 
projected  area  ratio)  as  shown  in  Figure  15  and  Figure  16,  respectively. 


Figure  15:  Plot  of  the  non-dimensional  Ssk  parameter  (volumetric  skewness)  vs.  Wear  Time 
shows  an  increasing  trend  with  observed  pinning  for  a  Plasma  Etched  PTFE  sample  worn  at  195 
rpm  in  1  inch  of  glass  bead  depth  at  30  seconds  wear  intervals. 


The  Ssk  parameter  (volumetric  skewness)  turns  out  to  be  of  particular  interest  again  this  time, 
showing  an  increasing  trend  from  a  value  of  -0.02  for  the  unworn  sample  to  a  value  of  0.77  for 
the  sample  worn  for  270  seconds  (4.5  minutes).  At  300  seconds  (5  minutes),  a  slight  drop  in  Ssk 
to  a  value  of  0.64  can  be  seen.  This  change  in  volumetric  skewness  reflects  the  change  in  wetting 
behaviour  where  at  300  seconds  a  sudden  increase  in  hysteresis  is  observed. 

Another  parameter  that  reflects  the  changes  made  to  the  surface  by  subjecting  it  to  wear  it  is  the  r 
parameter  shown  in  Figure  16.  The  total  developed  surface  area  due  to  the  roughness  and 
structure  of  the  pillars  is  seen  decreasing  with  increasing  wear  time,  meaning  that  there  is  not  so 
much  material/surface  available  as  a  first  point  of  contact  for  the  water  drops.  Wenzel7  described 
the  relationship  between  the  roughness  of  a  surface  through  parameter  r  and  the  surfaces  wetting 
behaviour  through  Equation  (1): 

cos^P=rcos^  (1) 

where  0app  is  the  apparent  contact  angle  (experimentally  accessible  angle)  and  0Y  is  the  Young’s 
contact  angle  (the  angle  related  to  the  solid  surface  energy  observed  on  a  smooth  surface).1, 6 

Out  of  the  various  parameters  obtained  from  CSM,  the  f  parameter  (ratio  of  surface  area  wet  by 
liquid  to  total  surface  area)  should  also  be  a  good  indicator  of  the  changes  in  behaviour.  This 
parameter  is  better  described  by  the  Cassie-Baxter  model  as  shown  with  Equation  (2): 
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C°S0^  =r-/cos0r+/-l  (2) 

where  if f=  1,  the  Cassie-Baxter  equation  becomes  the  Wenzel  equation. 
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Figure  16:  Plots  of  the  surface  are  ratio  (r  parameter)  and  the  ratio  of  solid  surface  area  wet  (f 
parameter)  vs.  wear  time.  The  plot  for  r  shows  a  decreasing  trend  with  increasing  wear  time 
reaching  its  lowest  point  at  300  seconds  (5  minutes)  of  wear,  also  the  same  point  at  which 
hysteresis  is  highest.  The  plot  for  f  however,  shows  a  veiy  slight  increase  in  surface  area  wet  by 
the  liquid,  yet  not  a  strong  enough  trend  to  directly  connect  to  wetting.  Plasma  Etched  PTFE 
sample  worn  at  195  rpm  in  1  inch  of  glass  bead  depth  at  30  seconds  wear  internals. 

For  this  particular  experiment,  the  /  parameter  has  been  calculated  for  the  peaks  above  the  90th 
percentile  of  the  distribution  of  heights  for  all  the  available  surface  peaks.  The / parameter  should 
show  an  increasing  trend  with  wear.  The  reason  being  that  as  wear  increases  and  the  tallest  peaks 
are  worn  down,  more  peaks  become  available  to  make  contact  with  the  liquid,  therefore 
increasing  the  adhesion  of  a  drop  of  liquid  to  the  surface  (decreasing  contact  angle). 

Although  the  changes  in  contact  angles  (advancing  and  receding)  are  not  very  significant  for  the 
first  270  seconds  of  wear  (4.5  minutes)  as  seen  in  Figure  13,  it  does  not  mean  that  nothing  is 
changing  in  the  surface’s  topography.  This  particular  experiment  has  been  able  to  show  that, 
even  though  the  wetting  data  for  the  Plasma  Etched  PTFE  sample  does  not  show  large  variations 
or  discrepancies  (contact  angles  vary  by  ~2°  on  average),  the  roughness  parameters  clearly  show 
quantifiable  changes  that  are  reflected  in  the  trends  of  parameters  such  as  Ssk  and  r  as  described 
with  Figure  15  and  Figure  16. 

Even  though  there  might  exist  a  combination  of  parameters  that  may  properly  describe  the 
wearing  process  of  a  given  surface  as  described  in  Phase  1,  it  is  necessary  to  gather  more  data  on 
the  different  roughness  parameters  and  how  each  parameter  relates  to  changes  in  surface 
topography  as  well  as  wetting  behaviour.  Out  of  the  14  relevant  roughness  parameters  initially 
selected,  Ra,  Rq,  Sa  and  Sq  still  show  very  slight  variations  in  their  trends,  making  it  hard  to 
determine  if  they  might  be  able  to  properly  describe  the  effects  of  wear  on  a  surface.  Being  able 
to  select  parameters  such  as  Ssk  and  r,  allow  for  a  better  understanding  on  how  the  other  relevant 
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parameters  are  affected  by  or  related  to  wear,  enabling  the  development  of  a  much  tighter 
simultaneous  relationship  (or  linear  combination)  with  the  remaining  roughness  parameters. 

This  experimental  work  has  also  established  the  conditions  by  which  the  onset  of  the  pinning 
behaviour  is  captured  (195  rpm  in  1  inch  of  glass  bead  depth  at  30  second  wear  intervals), 
providing  us  with  the  data  required  to  estimate  the  amount  of  mechanical  energy  necessary  to 
reach  the  transition  point  in  wetting  for  this  particular  surface. 

The  details  of  the  experimental  work  and  the  results  obtained  are  included  in  the  report  “Studying 
the  Wear  of  Superhydrophobic  Surfaces:  Superhydrophobic  Plasma  Etched  Teflon”.8 

2.3  PHASE  III 

The  third  phase  of  the  experiment  is  designed  to  subject  the  samples  to  different  types  of  wear: 

•  Impact  by  dropping  weight  (see  Annex  C:  Drop  Weight  Wear  Testing  Procedure) 

•  Scratching  of  the  surface 

The  procedure  and  its  conditions  have  been  preliminarily  determined  and  are  yet  to  be 
implemented.  The  focus  is  to  understand  how  a  different  method  of  wearing  these  surfaces  might 
affect  the  wetting  behaviour.  It  may  also  expose  some  roughness  parameters  that  are  more 
sensitive  to  impact  or  scratching  of  the  surface  than  abrasive  wear.  If  that  is  the  case,  the  results 
from  this  phase  may  be  connected  to  the  results  from  Phase  I  and  Phase  11,  allowing  for  a  deeper 
understanding  of  the  relationships  between  surface  properties  and  wetting. 
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3  Wearing  Aluminum  Foil  Coated  with 
Superhydrophobic  Coating. 


Two  Aluminum  samples  were  obtained  from  the  University  of  Illinois  in  December  2009.  Both 
of  these  samples  were  coated  with  their  own  developed  wear  resistant  superhydrophobic  coating.9 
The  difference  between  the  two  samples  was  that  one  sample  was  unworn  while  the  other  sample 
had  already  been  worn  by  the  action  of  stomping  on  it.  The  letter  describing  the 
superhydrophobic  coating  shows  in  Figure  5b  a  sequence  of  images  and  a  link  to  the  video 
describing  the  action  and  effect  of  stomping  on  a  surface  coated  with  this  coating,9  it  however 
does  not  match  the  information  that  accompanied  the  samples.  In  the  information  that  came  with 
the  samples,  it  was  described  that  the  worn  sample  had  been  used  as  a  mat  in  the  department 
where  their  research  is  conducted.  There  was  no  specific  information  on  the  actual  conditions 
that  the  second  sample  (worn)  was  subject  to  (i.e.  weight/load,  direction  of  wear,  covered  or 
uncovered,  etc)  and  it  cannot  be  assumed  that  it  was  subject  to  the  same  wear  shown  and 
described  in  their  published  letter.  Both  samples  however,  show  remarkable  superhydrophobicity 
through  observation  of  the  behaviour  of  water  on  their  surface. 

The  goal  of  this  experimental  work  is  to  test  the  toughness  of  the  superhydrophobic  coating  in  the 
context  of  the  methods  used  in  Section  1.  More  specifically: 

-  To  analyze  roughness  data  of  the  coating  for  the  two  samples  before  further  wear. 

-  To  subject  the  already  worn  sample  to  abrasive  wear  as  described  in  Section  1  for 
comparison  with  the  results  obtained  by  conducting  wear  on  Plasma  Etched  PTFE. 

-  To  compare  the  differences  in  topography  before  and  after  wear  between  the  two  samples 
and  also  with  the  PTFE  samples  from  Section  1 . 

-  To  identify  changes  in  the  wetting  behaviour  and  their  relationship  to  the  topography  and 
roughness  parameters. 

3.1  PROCEDURE 

The  procedure  followed  for  wearing  and  characterizing  these  samples  is  very  similar  to  the 
procedure  used  in  Section  1  and  is  detailed  as  follows: 

A)  Characterize  with  CSM  and  SEM  before  wearing  the  samples  further. 

B)  Wear  the  already  worn  sample  (sample  2)  in  three  different  ways: 

1.  By  rubbing  the  sample  by  hand  against  a  relatively  smooth  painted  metallic  surface  until  a 
change  in  wetting  was  observed:  preliminary  evaluation  of  how  tough  the  coating  was. 

a.  80  unidirectional  strokes  against  the  surface. 

b.  Low  to  medium  force  applied  by  hand. 
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2.  By  rubbing  the  sample  by  hand  against  itself  until  a  change  in  wetting  was  observed: 
preliminary  evaluation  of  how  tough  the  coating  was. 

a.  40  unidirectional  strokes  against  itself. 

b.  Low  to  medium  force  applied  by  hand. 

3.  Methodically  by  using  the  abrasive  wear  tester  described  in  Section  2,  Phase  1  until  a  change 
in  wetting  was  observed. 

C)  On  the  already  worn  sample  (part  B.l.)  complete  CSM  and  SEM  data  was  obtained. 

4.  Collected  data  on  all  the  roughness  parameters  and  focused  on  those  relevant  to  wear  and 
wetting  as  established  while  wearing  Plasma  Etched  PTFE  in  Section  2. 

5.  Used  different  magnifications  with  the  CSM  to  expose  and  identify  different  roughness  scales 
and  their  change  from  one  sample  to  the  next  (i.e.  effective  increase  in  wear). 

3.2  EXPERIMENTAL  DETAILS 

3.2.1  First  Sample  -  Unworn: 

Although  there  were  no  wetting  tests  conducted  with  ADSA  on  the  sample,  on  an  initial  wetting 
observation  (informal  inspection),  it  behaves  in  the  same  manner  as  superhydrophobic  surfaces. 
Water  drops  of  virtually  all  sizes  are  easily  shed  from  the  surface  due  to  gravity,  inertia  and 
airflow.  It  is  not  clear  from  initial  testing  whether  water  drops  can  bounce  off  the  surface  since 
the  aluminum  foil  can  deflect  and  absorb  some  of  the  kinetic  energy  of  the  falling  water  drops. 

Figure  17  shows  how  water  sits  on  the  first  sample.  The  pictures  were  taken  for  the  sample 
laying  flat  since  very  slight  inclinations  would  cause  the  drop  to  roll  off  the  surface.  It  was 
clearly  noticed  from  wetting  observations  that  the  surface  was  as  hydrophobic  as  unworn  Plasma 
Etched  PTFE  and  Teflon®  coated  Acid  Etched  Aluminum. 
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a)  b) 

Figure  1 7:  Water  drop  laying  on  a  flat  sample  of  unworn  aluminum  foil  coated  with 
superhydrophobic  coating,  a)  Side  view,  b)  Angled  view.  It  can  be  clearly  observed  that  the  drop 
is  somewhat  spherical  in  shape  (despite  its  volume)  with  a  circular  contact  area  and  high  contact 
angle.  Once  this  surface  became  slightly  tilted,  any  water  drops  would  immediately  roll  off. 

The  SEM  and  CSM  data  containing  surface  topography  and  surface  roughness  information  will 
be  presented  later  in  the  report. 

3.2.2  Second  Sample  -  Worn  by  stomping  from  using  as  mat: 

According  to  the  information  that  came  with  the  samples  when  received,  this  sample  was  worn  by 
stomping  while  being  used  as  a  mat  in  an  area  with  some  traffic  in  the  department  where  the 
coating’s  research  took  place.  Although  there  is  some  description  as  well  as  a  video  of  similar 
action  performed  on  aluminum  foil  coated  with  superhydrophobic  coating,9  there  is  no  other 
information  on  how  this  was  accomplished  (i.e.  load,  frequency,  length  of  time,  etc.). 

Although  there  were  no  wetting  tests  conducted  on  the  sample  with  ADSA,  on  various  wetting 
observations,  it  still  seems  to  behave  in  the  same  manner  as  the  first  sample  (unworn).  As  well  as 
with  the  first  sample,  water  drops  of  virtually  all  sizes  are  easily  shed  from  the  surface  due  to 
gravity,  inertia  and  airflow.  Some  smaller  drops  do  seem  to  get  caught  briefly  in  the  various 
creases  present  on  the  surface  (see  Figure  18c)  yet  not  enough  to  have  a  significant  impact  on 
overall  wetting  behaviour.  It  is  also  not  clear  from  initial  testing  whether  water  drops  can  bounce 
off  the  surface  since  the  aluminum  foil  can  deflect  and  absorb  some  of  the  kinetic  energy  of  the 
falling  water  drops. 

Figure  18  shows  how  a  water  drop  behaves  on  the  second  sample.  The  pictures  were  taken  for 
the  sample  lying  flat  since  very  slight  inclinations  would  cause  the  drop  to  roll  off  the  surface.  It 
can  also  be  seen  on  these  pictures  the  wrinkles  on  the  surface  as  well  as  yellow  specks  (circled) 
that  are  not  as  visible  on  the  first  sample. 
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a)  b)  c) 

Figure  18:  Water  drop  laying  on  aflat  sample  of  stomped  aluminum  foil  coated  with 
superhydrophobic  coating.  Sample  appears  to  be  as  superhydrophobic  as  the  first.  Some  yellow 
specks  not  visible  in  the  first  (unworn)  sample  are  circled,  a)  Side  view,  b)  Angled  view  c)  Top 

view. 

The  SEM  and  CSM  data  containing  surface  topography  and  surface  roughness  information  will 
be  presented  later  in  the  report. 

3.2.3  Third  Sample  -  Worn  by  stomping  from  using  as  mat  +  8  minutes 
on  shaker: 

This  sample  was  worn  by  wearing  it  for  a  total  of  8  minutes  in  the  shaker  used  in  Section  2  at  250 
rpm  in  1  inch  glass  bead  depth  following  the  procedure  in  Annex  B.  The  sample  was  worn  1 
minute  at  a  time  until  a  change  in  behaviour  and/or  contact  angle  was  observed. 

Although  no  wetting  tests  were  conducted  with  ADSA,  the  water  drops  on  the  third  surface  have 
a  lower  receding  contact  angle  as  shown  in  Figure  19.  The  first  indication  of  such  observation 
was  that  when  the  surface  was  tilted  slightly  (~10°  -  15°),  the  drop  would  not  immediately  roll 
off.  Instead  it  would  hang  (pin)  briefly  by  its  trailing  edge  before  rolling  off  in  what  could  be 
called  a  superhydrophobic  manner  (without  leaving  a  trail  of  water  behind).  This  is  initially 
noticed  by  seeing  that  the  drop  does  not  roll  off  the  surface  while  maintaining  its  circular  contact 
area.  Instead,  the  contact  area  is  more  elliptical  while  moving  and  in  the  shape  of  a  teardrop  while 
pinning.  This  can  be  observed  in  Figure  19  by  the  drop  having  a  higher  advancing  contact  angle 
and  a  lower  receding  contact  angle  (contact  angle  hysteresis)  matching  the  results  and  wetting 
data  obtained  for  worn  Plasma  Etched  PTFE  as  described  with  Figures  7,  9  and  13. 

Figure  19  also  shows  the  presence  of  small  drops  that  did  not  roll  off  the  surface  when  tilting  it  as 
easily  as  they  did  with  the  first  and  second  samples.  This  means  that  the  force  on  the  smaller 
drops  from  pinning  is  at  least  sufficient  to  keep  them  from  effectively  rolling  off.  Also  interesting 
to  note  from  the  behaviour  of  water  drops  on  the  third  sample  shown  in  Figure  19,  is  that  the  air 
pockets  present  between  the  surface  roughness  and  the  water  drop  can  be  seen.  This  is  the 
wetting  model  described  by  Cassie-Baxter4  in  which  a  liquid  sits  on  top  of  the  peaks  of  the 
surface  roughness  with  air  trapped  between  the  valleys  of  the  roughness  and  the  bottom  side  of 
the  liquid  described  with  Figure  20. 


DRDC  Atlantic  CR  2010-315 


21 


a)  b)  c) 

Figure  19:  Water  drop  on  third  sample  when  tilted  at  a  slight  angle  (-10°  - 15°)  with  water  roll¬ 
off  direction  noted  by  the  dashed  arrow.  The  drop  pins  on  its  trailing  edge  (left  side  of  drop 
shown  with  solid  arrow )  causing  the  drop  to  no  longer  have  a  circular  contact  area  and  to  adopt 
a  teardrop-like  shape.  Also,  small  drops  (circled  areas)  do  not  roll  off  the  surface  easily. 
Pockets  of  air  between  the  surface  roughness  and  the  water  drop  ( Cassie-Baxter  model4  and 
Figure  20)  can  also  be  seen  on  the  three  images  (specially  on  c).  On  a  smooth  surface,  surface 
refraction  through  the  drop  looks  smooth,  a)  Top  view,  b)  Angled  view,  c)  Close-up  of  pinning 
point  and  air  pockets  visible  through  the  drop. 


Figure  20:  Cassie-Baxter  model  describes  no  penetration  of  the  liquid  into  the  surface’s 
roughness  (black  grooves).  The  liquid  therefore  sits  on  the  peaks  of  the  roughness  and  on  the 
pockets  of  air  (white  sections  between  the  black  grooves).  Drop  size  and  roughness  features  are 
not  to  scale.  Usually  roughness  features  are  in  the  order  of  pm  and  nm  while  drops  are  in  the 
order  of  mm  and  cm  (Image  and  wording  used  with  the  kind  permission  of  Parham  Zabeti). 

It  was  also  noticed  that  if  the  surface  is  sprayed  with  small  drops  of  water  (~1  -  3  mm  in 
diameter)  and  tilted  vertically  (90°),  some  of  them  do  not  roll  off  the  surface.  It  might  be  a 
combined  effect  of  the  creases  already  present  on  the  surface  (from  the  stomping)  as  well  as  from 
the  changes  in  the  surface  topography  as  shown  in  Figure  21.  This  amount  of  water  on  the 
surface  is  more  noticeable  on  the  third  sample  than  it  is  on  the  first  or  second  samples. 


22 


DRDC  Atlantic  CR  2010-315 


Figure  21:  Small  water  drops  stick  to  the  surface  of  the  third  sample  when  tilted  vertically  (90°). 
This  shows  that  the  surface  has  been  worn  to  some  extent  since  this  behaviour  is  not  seen  on  the 
first  or  second  sample.  The  drops  stick  to  the  surface  because  of  the  changes  in  the  topography 
of  the  sample’s  surface  and  perhaps  also  because  of  the  creases  created  (and  visible)  from  when 

the  sample  was  stomped  on. 


3.3  RESULTS  AND  ANALYSIS 

3.3.1  SEM  Images 

3. 3. 1.1  First  Sample  -  Unworn: 

The  information  for  studying  the  roughness  of  the  surface  of  the  first  sample  (unworn)  was 
gathered  using  SEM  and  CSM.  It  was  noted  with  both  methods  that  there  are  different  roughness 
scales  for  this  coating  as  described  along  the  CSM  data.  Figure  22  shows  SEM  images  of  the  first 
sample  at  different  magnifications. 
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a)  100X.  Image  Scale  is  100  gm.  b)  500X.  Image  Scale  is  20  gm. 


c)  2500X.  Image  Scale  is  10  gm.  d)  5000X.  Image  Scale  is  2  gm. 


e)  50000X.  Image  Scale  is  2  gm. 

Figure  22:  SEM  Images  of  the  first  sample  (unworn)  at  100X,  500X,  2,500X,  5,000X  and  50,000X 
magnification  respectively  taken  at  a  tilt  of  45°  showing  the  detail  and  different  sizes  of  the 
roughness  features.  This  sample  was  coated  with  the  Organoclay  Nanocomposite 
Superhydrophobic  Film  from  the  University  of  Illinois9  No  details  were  provided  with  this 
sample  regarding  coating  thickness  or  coating  technique. 
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The  first  unworn  sample  shows  a  very  different  surface  topography  to  the  Plasma  Etched  PTFE 
described  in  Section  2.  It  can  be  clearly  seen  at  magnifications  above  500X  that  the  surface’s 
features  are  not  as  homogeneous  as  the  peaks  seen  in  the  Plasma  Etched  PTFE.  This  coating 
however  does  have  the  roughness  features  (in  the  order  of  pm  and  nm)  required  to  fulfill  Cassie- 
Baxter  model  for  superhydrophobicity  shown  in  Figure  20.  It  is  also  worth  noting  that  there  are 
prominent  roughness  features  at  different  magnifications,  therefore  at  different  scales.  This  might 
have  an  effect  on  the  wetting  of  the  surface  as  well  as  on  the  roughness  parameters  as  described 
by  Ramon-Torregosa.6  This  sample,  along  with  the  second  and  third  samples  are  also  analyzed 
with  CSM  (later  in  the  report)  at  different  magnifications  to  show  if  there  is  indeed  a  relationship 
between  the  roughness  scale  and  the  roughness  parameters  obtained. 

3. 3. 1.2  Second  Sample  -  Worn  by  stomping  from  using  as  mat: 

Figure  23  shows  the  second  sample  (worn  by  stomping  from  using  as  mat)  under  the  SEM  for  the 
same  magnifications  used  with  the  first  sample.  There  appears  to  be  no  significant  change  on  the 
coating  and  the  surface  roughness  induced  by  the  action  of  stomping  on  the  surface.  Although 
creases  are  easily  visible  on  the  sample  without  the  use  of  a  microscope  as  shown  in  Figure  18c, 
there  is  no  indication  of  damage  to  the  coating  from  the  SEM  images. 
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a)  100X.  Image  scale  is  100  gm.  b)  500X.  Image  scale  is  20  gm. 


e)  50,000X.  Image  scale  is  200  nm. 

Figure  23:  SEM  Images  of  the  second  sample  (worn  by  stomping  from  using  as  mat)  at  100X, 
500X,  2,500X,  5, 000X and  50,  OOOX  magnification  respectively  taken  at  a  tilt  of  45°  showing  the 
detail  and  different  sizes  of  the  roughness  features.  This  sample  was  coated  with  the  Organoclay 
Nanocomposite  Superhydrophobic  Film  from  the  University  of  Illinois.9  No  addition  details  were 
provided  with  this  sample  regarding  coating  thickness  or  coating  technique.  It  was  only 
mentioned  that  this  sample  had  been  stomped  on  and/or  used  as  a  mat 
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The  SEM  images  of  the  second  sample  shown  in  Figure  23  show  little  to  no  difference  to  the 
SEM  images  obtained  from  the  first  sample  (unworn)  shown  in  Figure  22.  There  is  an  abundance 
of  roughness  features  that  could  satisfy  the  Cassie-Baxter  wetting  model.  The  second  sample  at 
100X  magnification  (Figure  23a)  is  as  homogeneous  as  the  first  sample  (unworn)  at  the  same 
magnification  (Figure  22a)  and  shows  no  damage  from  stomping. 

3. 3. 1.3  Third  Sample  -  Worn  by  stomping  from  using  as  mat  +  8  minutes  on 
shaker: 

SEM  images  for  the  third  sample  have  not  been  obtained  because  that  requires  damaging  the 
sample  to  obtain  a  small  piece.  Since  the  amount  of  samples  obtained  from  the  University  of 
Illinois  is  limited  (two  samples)  and  the  relationships  between  wearing,  roughness  parameters  and 
wetting  are  still  not  fully  developed,  conducting  SEM  work  at  this  point  could  stop  any  additional 
study  on  this  third  sample  (i.e.  increase  wear,  collect  further  roughness  data,  etc.). 

3.3.2  CSM  Data 

The  three  samples  were  analyzed  using  CSM  for  gathering  all  the  surface  and  volume  roughness 
parameters  as  well  as  the  topography’s  geometrical  features.  The  data  was  collected  at  three 
different  magnifications  for  each  sample:  20X,  50X  and  100X.  The  reasoning  being  that  for  the 
first  and  second  samples,  prominent  features  are  visible  at  the  different  magnifications  used.  It  is 
believed  that  roughness  features  at  different  magnifications  (scales)  would  yield  different 
roughness  parameters  as  described  by  Ramon-Torregrosa6  in  the  context  of  wetting.  After 
collecting  all  the  available  roughness  parameters  defined  in  Table  1  and  looking  at  the  relevant 
parameters  mentioned  in  Section  1,  nine  parameters  have  been  identified  to  generally  describe  the 
surfaces’  topography:  Ra,  Rq,  Rsk,  Rku,  Sa,  Sq,  Ssk,  Sku  and  r. 

Since  the  S  parameters  are  the  volumetric  counterparts  of  the  linear  R  parameters,  only  the  S 
parameter  and  r  (roughness  area  to  projected  area  ratio)  are  shown.  In  theory,  for  a  homogeneous 
surface,  the  R  and  S  parameters  should  match.  In  this  study,  the  R  and  the  S  parameters  do 
match,  and  are  therefore  not  shown  here  for  simplicity  purposes.  Figures  24  -  26  show  the  trends 
of  the  selected  parameters  between  the  first,  second  and  third  sample  at  different  magnifications. 
The  first  sample  is  considered  to  be  the  most  superhydrophobic,  the  second  sample  not  as 
superhydrophobic  and  the  third  sample  is  considered  the  least  superhydrophobic. 
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Figure  24:  Sa  and  Sq  parameters  are  the  volumetric  counterparts  of  Ra  and  Rq  and  are  plotted  at 
three  different  magnifications  (20X,  50X  and  100X)  for  the  three  samples  tested.  It  can  be  seen 
that  the  values  for  each  magnification  follow  the  same  trend.  However,  the  100X  magnification 
data  is  shifted.  This  relates  to  the  idea  of  having  more  than  one  roughness  scale  and  its  effects  on 

roughness  measurements  6 
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Figure  25:  Ssk  and  Sku  parameters  are  the  volumetric  counterparts  of  Rsk  and  Rku  and  are 
plotted  at  three  different  magnifications  (20X,  50X  and  100X)  for  the  three  samples  tested.  It  can 
be  seen  that  the  trends  for  each  magnification  are  very  different  from  each  other  unlike  the  plots 
for  Sa  and  Sq  in  Figure  24.  Ssk  and  Sku  parameters  seem  to  converge  at  the  third  sample  (the 
most  worn  sample),  yet  the  different  trends  also  relate  to  the  idea  of  having  more  than  one 

roughness  scale. 
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Figure  26:  r  parameter  plotted  at  three  different  magnifications  (20X,  50X  and  100X)  for  the 
three  different  samples.  The  trends  for  each  magnification  are  similar  to  the  trends  of  Sa  and  Sq. 
This  parameter  shows  an  increasing  trend  meaning  that  more  surface  area  has  been  developed 
with  wear.  For  this  to  be  possible,  either  the  coatings  between  samples  are  different,  or, 
subjecting  the  surface  to  wear  has  modified  the  original  roughness  in  a  way  that  has  increased 
the  distance  between  the  peaks  and  the  valleys. 

3.4  CONCLUSIONS 

The  first  points  to  notice  from  the  graphs  are  the  trends  of  the  different  magnifications  for  Sa  and 
Sq  in  Figure  24.  The  data  obtained  at  20X  and  50X  is  very  similar,  hinting  at  the  existence  of  a 
roughness  scale  within  the  resolution  of  the  CSM  for  such  magnifications.  The  different 
objectives  used  (20X,  50X  and  100X)  have  different  spatial  and  vertical  resolutions  as  shown  in 
Table  2.  Based  on  the  resolutions  used  by  the  20X  and  50X  objectives,  it  can  be  said  that  the 
features  of  the  first  roughness  scale  are  approximately  larger  than  0.449  pm  spatially  and  0.500 
pm  vertically  for  the  two  objectives  to  properly  capture  them. 

Table  2:  Spatial  and  vertical  resolutions  of  CSM  objectives  used  for  roughness  scale 


determination 

Objective 

Spatial  Resolution 

Vertical  Resolution 

20X 

0.44979  pm 

0.500  pm 

SOX 

0.18708  pm 

0.250  pm 

100X 

0.09183  pm 

0.150  pm 

On  the  other  hand,  the  data  for  Sa  and  Sq  in  Figure  24  at  100X  magnification  is  shifted  down  ~6 
pm.  This  means  that  the  100X  objective  is  able  to  capture  the  second  roughness  scale  with 
features  that  range  between  0.092  pm  and  0.187  pm  spatially  by  0.150  pm  and  0.250  pm 
vertically.  These  results  show  that  there  might  be  at  least  two  different  and  distinct  roughness 
scales  on  the  surfaces  since  20X  and  50X  magnification  show  similar  values  but  at  the  same  time 
very  different  from  the  100X  magnification.  For  an  ideal  surface  with  only  one  roughness  scale 
as  in  micro-  or  nano-fabricated  geometric  pillars,  the  roughness  parameters  do  not  show  much 
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variation  at  different  magnifications  (to  a  large  extent).  Such  micro-  or  nano-fabricated  surfaces 
yield  the  same  Sa  and  Sq  values  between  different  objectives  provided  that  the  resolution  of  each 
objective  is  sufficiently  small  to  capture  their  features  (i.e.  geometric  pillars).  This  has  been 
verified  with  test  and  calibrations  runs  performed  on  the  CSM  (no  data  collected)  with  the  same 
samples  used  and  provided  by  Barnabas.10 

Although  the  three  samples  studied  have  been  worn  almost  incrementally  (based  on  the  samples 
being  progressively  less  superhydrophobic),  the  roughness  parameters  Sa  and  Sq  in  Figure  24  and 
the  r  parameter  in  Figure  26  generally  show  increasing  trends  under  the  three  magnifications. 
This  increase  is  indicative  of  the  surface  roughening  with  wear.  One  idea  behind  this 
phenomenon  is  that  the  coating  is  more  easily  worn  off  in  the  portions  where  it’s  thinnest, 
therefore  deepening  the  valleys  of  the  surface.  This  would  change  the  distance  measured  between 
peaks  and  valleys,  effectively  making  the  surface  seem  as  if  it  is  being  roughened  or  as  if  the 
peaks  are  getting  taller  or  the  valleys  getting  deeper.  Flowever,  nothing  conclusive  has  been 
established  regarding  these  trends  since  there  is  uncertainty  between  the  details  of  the  coating 
characteristics  and  technique  used  from  the  first  to  the  second  sample  as  well  as  the  wearing 
method  used  (stomping  vs.  abrading)  between  the  second  and  third  sample. 

The  other  two  parameters  shown  in  Figure  25,  Ssk  and  Sku,  present  a  trend  in  which  the  values 
seem  to  converge  with  increasing  wear  for  the  three  different  magnifications.  This  would  mean 
that  the  wear  process  that  these  samples  have  been  subject  to  (stomping  and  abrading)  has  made 
the  roughness  features  more  homogeneous,  indicating  that  the  samples  may  have  reached  a  point 
where  they  can  start  wearing  evenly.  If  that  is  the  case,  it  may  explain  why  the  pinning  behaviour 
is  first  observed  for  the  third  sample  and  not  for  the  second  one  (or  any  point  in  between).  In 
other  words,  even  though  the  samples  have  been  worn  incrementally,  while  one  roughness  scale 
is  changed  (worn)  the  other  roughness  scale  might  aid  in  providing  superhydrophobicity;  or,  the 
combined  effect  of  the  different  roughness  scales  and  the  size  of  their  features  might  still  be 
significant  enough  to  impact  superhydrophobicity  favourably. 

It  is  very  interesting  to  note  that  the  parameters  shown  have  different  trends  between 
magnifications  or  roughness  scales  as  described  by  Ramon-Torregrosa.6  This  variability 
however,  is  more  apparent  in  the  parameters  chosen  (Ra,  Rq,  Rsk,  Rku,  Sa,  Sq,  Ssk,  Sku  and  r) 
and  not  with  all  of  the  parameters  available  in  Table  1.  Ideally,  parameters  like  Sa  and  Sq  can  be 
used  to  establish  basic  trends  regardless  of  the  magnification  used  or  roughness  scales  available 
on  the  sample.  On  the  other  hand,  parameters  like  Ssk  and  Sku  and  their  convergence  with 
incremental  wear  may  be  helpful  in  establishing  the  transition  points  in  wetting  behaviour 
regardless  of  the  roughness  scales. 
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4  Developing  Superhydrophobic  Coating 


Considering  the  results  obtained  from  the  samples  coated  with  the  superhydrophobic  coating  from 
Section  1 ,  it  was  decided  to  develop  our  own  version  to  better  understand  its  properties  and  to 
study  a  wider  application  range  (i.e.  glass,  paper,  wood,  textiles,  etc.).  Also  of  interest  is  to  study 
the  coating’s  resistance  to  wear  in  relation  to  the  roughness  parameters  and  wetting  results  as 
done  with  the  previous  samples  (Plasma  Etched  PTFE,  aluminum  foil  coated  with 
superhydrophobic  coating  and  acid  etched  aluminum)  in  Section  1  and  2.  More  precisely,  the 
goals  for  developing  the  superhydrophobic  coating  are: 

-  To  better  understand  what  role  the  main  coating  components  (i.e.  adhesive,  nanoclay, 
Zonyl®)  play  in  the  final  mix. 

-  To  determine  what  are  the  proper  coating  (i.e.  airbrush  type,  number  of  coats,  etc.)  and 
curing  methods  (i.e.  aerobic,  anaerobic,  temperature,  time,  etc.). 

-  To  successfully  replicate  the  level  of  superhydrophobicity  of  the  samples  from  Section  1 
(aluminum  foil  coated  with  superhydrophobic  coating)  based  on  the  instructions  available. 

-  To  investigate  the  performance  of  the  coating  on  different  materials. 

-  To  further  develop  the  relationship  between  roughness  parameters,  surface  topography  and 
wetting  data. 

-  To  develop  a  way  of  making  the  coating  as  colorless  as  possible  (samples  from  Section  1 
are  yellowish  and  samples  from  this  section  are  reddish). 

The  recipe  and  instructions  used  for  making  the  coating  used  on  the  samples  from  Section  2  are 
provided  in  the  letter  ‘Transforming  Anaerobic  Adhesives  into  Highly  Durable  and  Abrasion 
Resistant  Superhydrophobic  Organoclay  Nanocomposite  Films:  A  new  Hybrid  Spray  Adhesive 
for  Tough  Superhydrophobicity’  by  Bayer.9  In  this  letter,  they  develop  their  own  bio-adhesive 
concentration  (for  roughness),  which  is  then  mixed  with  a  fluorinated  product  (Zonyl®  8740  from 
DuPont™  for  hydrophobicity).  This  bio-adhesive  is  the  key  component  in  providing  the 
necessary  adhesion  to  different  substrates  as  well  as  in  providing  the  necessary  strength  between 
the  coating’s  components,  strengthening  its  internal  structure  and  making  it  more  resistant  to 
wear.  In  our  own  coating  solution,  we  have  opted  to  use  a  3M™  Threadlocking  Adhesive 
(Scotch-Weld™  Threadlocker  TL62)  that  provides  very  similar  superhydrophobicity  but  not  as 
much  wear  resistance.  The  idea  of  using  this  adhesive  came  from  the  documentation  of  the 
coating  in  which  they  describe  using  the  discontinued  3M™  Scotch-Weld™  3495  as  a  substitute 
to  their  own  bio-adhesive  giving  them  statistically  identical  wetting  results.  The  purpose  of 
starting  with  this  particular  adhesive  is  mainly  for  proof  of  concept  and  ensuring  that  similar 
results  can  be  replicated  in  our  own  labs. 

So  far,  three  batches  of  coating  have  been  developed  in  order  to  gain  understanding  on  the 
different  properties  and  components  of  the  coating.  Each  batch  was  a  different  attempt  at 
achieving  the  results  obtained  by  Bayer;  therefore,  each  batch  used  different  component 
concentrations  in  the  process  of  finding  the  right  ratios  for  achieving  superhydrophobicity.  The 
components  used  and  their  final  concentrations  by  weight  are  included  in  Table  3.  This  table 
shows  the  concentrations  of  the  final  and  successful  Batch  #  3. 
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Table  3:  List  of  components  used  and  their  final  concentration  for  making  superhydrophobic 

coating. 


Component 

Concentration 
(by  weight) 

Nanoclay 

7% 

DMSO 

8.5  % 

Adhesive 

4% 

Ethanol 

30.5% 

Zonyl®  8740 

50% 

TOTAL 

100% 

4.1  EXPERIMENTAL  DETAILS 

4.1.1  BATCH  #1 

The  first  batch  of  coating  was  made  only  with  50%  of  the  total  mix  by  weight:  The  dispersion  of 
Nanoclay  in  DMSO  and  adhesive,  together  diluted  in  ethanol.  This  batch  was  used  to  coat  three 
samples  in  order  to  study  surface  roughness,  effects  of  coat  thickness  and  proper  curing  methods. 
The  three  samples  were  treated  as  follows: 

1.  Aluminum  foil:  Applied  heavy  coat  with  internal  mixing  airbrush.  Set/cured  coating 
anaerobically  (in  vacuum  oven)  overnight  at  room  temperature  following  the  curing 
instructions  for  the  adhesive. 

2.  Copper  Tape:  Applied  light  coat  with  internal  mixing  airbrush.  Set/cured  coating 
anaerobically  (in  vacuum  oven)  for  30  minutes  following  the  instructions  on  the  letter  from 
the  University  of  Illinois  for  copper  (catalytically  active). 

3.  Aluminum  foil:  Applied  light  coat  with  internal  mixing  airbrush.  Set/cured  coating 
aerobically  at  80°C  following  the  instructions  on  letter  from  University  of  Illinois  for 
aluminum  (catalytically  inactive). 

These  three  samples  have  also  been  coated  with  Teflon®  (only  half  of  the  sample)  in  an  effort 
add  a  fluorinated  compound  to  try  to  simulate  the  final  result  obtained  when  adding  the  Zonyl® 
product  originally  used  in  their  recipe.  This  was  also  done  under  the  assumption  that  Zonyl®  does 
not  contribute  to  the  roughness  in  the  coating;  therefore,  lightly  coating  the  samples  with 
Teflon™  should  be  initially  similar  to  what  it  would  be  when  using  Zonyl®.  After  coating  with 
Teflon™  the  three  samples  exhibit  different  hydrophobic  behaviour  and  are  described  as  follows: 

•  Sample  1  (aluminum  foil,  heavy  coat):  the  most  fragile  of  the  three  samples.  The  coat  is 
thicker  than  the  rest  and  after  setting/curing  it  developed  cracks  everywhere  making  it  very 
flaky  (probably  an  exaggerated  result  of  what  was  published  in  the  letter9  before  adding 
Zonyl®).  Sample  was  somewhat  hydrophobic. 

•  Sample  2  (copper  tape,  light  coat):  copper  was  used  because  of  the  ability  of  the 
coating/adhesive  to  better  set/cure  on  a  more  catalytically  active  surface.  It  is  still  fragile 
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(coating  can  be  easily  smudged  off)  but  the  most  hydrophobic  of  the  samples  after  coating 
with  Teflon®. 

•  Sample  3  (aluminum  foil,  thin  coat):  the  most  robust  of  the  three  (coating  is  more  resistant 
to  smudging  than  on  copper  tape)  yet  the  least  hydrophobic  after  coating  with  Teflon®. 

No  wetting  tests  were  conducted  on  these  samples  with  ADSA.  However,  based  on  wetting 
observations,  the  static  contact  angles  are  approximately  as  follows: 

•  Sample  1:  -120°  -  140°  (hydrophobic) 

•  Sample  2:  -140°  -  150°  (almost  superhydrophobic) 

•  Sample  3:  -90°  -  120°  (barely  hydrophobic) 

So  far  it  has  been  established  that  having  the  proper  coating  thickness  and  curing  the  samples 
properly  are  of  high  importance.  On  an  initial  understanding,  thick  coats  would  render  them  too 
fragile  (easily  smudged  off  or  developing  cracks  as  with  sample  1).  Also,  it  was  seen  that  three 
different  'appropriate'  methods  following  three  different  instructions  for  curing  the  adhesive 
yielded  three  very  different  results.  Figure  27  shows  SEM  images  of  the  three  different  samples 
without  the  Teflon™  coating. 


Figure  27:  5,000X  SEM  Images  of  one  coat  of  the  first  batch  of  superhydrophobic  coating 
without  additional  Teflon™  coating  (scale  is  2  pm  for  the  three  images).  It  can  be  seen  that  this 
mix  (without  Zonyl®)  seems  to  provide  the  required  surface  roughness  to  satisfy  the  Cassie- 
Baxter  wetting  model.  However,  a  significant  difference  can  be  observed  between  the  sizes  of  the 
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roughness  features  in  the  three  samples,  with  sample  1  having  the  roughest  appearance,  a)  Heavy 
coat  on  aluminum  foil,  b)  Light  coat  on  copper  tape,  c)  Light  coat  on  aluminum  foil. 

This  first  batch,  although  almost  superhydrophobic  in  the  best  case  (sample  2:  thin  coat  on  copper 
tape),  is  still  far  from  exhibiting  the  wetting  behaviour  observed  on  the  samples  sent  from  the 
University  of  Illinois  (see  Section  2).  Although  the  use  of  a  different  adhesive  would  certainly 
play  a  role  (mainly  in  the  durability  of  the  coating),  it  is  the  lack  of  the  fluorinated  compound  in 
the  mix  (Zonyl®  8740)  that  is  making  the  difference  in  the  wetting  behaviour  observed.  It  has 
also  been  determined  that  coating  the  samples  with  Teflon  is  not  sufficient  to  make  the  samples 
superhydrophobic.  The  effect  of  a  fluorinated  coating  is  not  as  powerful  as  having  it  being  part  of 
the  mix,  bonding  with  the  other  components. 

4.1.2  BATCH  #2 

The  second  batch  of  coating  was  developed  according  to  the  instructions  in  the  letter,  although 
this  time  including  the  fluorinated  product,  Zonyl®  8740.  For  this  batch  of  coating,  three  samples 
were  coated  three  times,  each  sample  coated  with  a  different  thickness  by  using  the  internal 
mixing  airbrush.  Sample  1  was  coated  with  three  light  coats,  Sample  2  was  coated  with  three 
medium  coats  and  Sample  3  was  coated  with  three  heavy  coats.  This  was  done  in  order  to  study 
the  effect  of  different  thicknesses  on  superhydrophobic  performance.  Figures  28  -  30  are  SEM 
images  that  show  the  three  different  samples  coated  and  the  different  thicknesses  achieved  on 
them  with  the  second  batch  of  coating. 


a)  b)  c) 


Figure  28:  L000X  SEM  images  taken  at  45°  of  the  second  batch  of  coating  applied  in  light  coats 
on  Sample  1  (scale  is  10  pm  for  the  three  images).  It  can  be  seen  that  there  are  portions  of 
aluminum  foil  that  were  not  covered  (areas  denoted  by  white  arrows).  It  can  also  be  observed 
that  the  roughness  of  the  coatings  is  very  different  with  Zonyl®  incorporated  in  the  mixture.  The 
roughness  features  do  not  look  as  jagged  and  sharp  as  they  did  in  Figure  27.  a)  1  Coat,  b)  2 

Coats,  c)  3  Coats. 
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Figure  29:  1,000X  SEM  images  taken  at  45°  of  the  second  batch  of  coating  applied  in  medium 
coats  on  Sample  2  (scale  is  10  pm  for  the  three  images).  There  are  still  portions  of  aluminum  foil 
that  were  not  covered  (areas  denoted  by  white  arrows)  with  the  first  coat.  Coating  is  apparently 
more  even  than  with  the  thinner  coats  from  Figure  28.  a)  1  Coat,  b)  2  Coats,  c)  3  Coats. 


a)  b)  c) 


Figure  30:  1 ,000 X  SEM  images  taken  at  45°  of  the  second  batch  of  coating  applied  in  heavy  coats 
on  Sample  3  (scale  is  10  pm  for  the  three  images).  There  are  no  portions  of  aluminum  foil  that 
were  not  covered.  The  coating  appears  more  even  than  those  on  Samples  1  and  2.  After  three 
coats  (c),  roughness  features  are  not  as  prominent  as  on  other  samples,  a)  1  Coat,  b)  2  Coats,  c) 

3  Coats. 

The  samples  were  cured  in  the  oven  at  80°C  for  three  hours  as  described  in  the  instructions. 
Although  no  wetting  tests  were  conducted  using  ADSA,  on  wetting  behaviour  observations,  the 
samples  show  improved  results  over  the  first  batch  of  coating.  The  samples  are  hydrophobic 
overall,  with  some  small  portions  that  behave  superhydrophobically  as  samples  obtained  and 
described  in  Section  3.  Particularly,  Sample  2  (medium  coat  thickness)  appeared  to  be  the  most 
hydrophobic  of  the  three  after  three  coats  based  on  wetting  observations. 

Even  though  the  procedure  was  performed  as  indicated  in  the  instructions  from  the  letter,  the 
results  obtained  were  not  what  were  expected.  None  of  the  nine  different  coatings  used  yielded 
similar  wetting  behaviour  as  what  was  observed  with  the  original  recipe  of  the  coating,  even  after 
allowing  the  samples  to  cure  properly.  Although  the  only  difference  between  the  original  recipe 
and  our  own  version  of  it  was  the  adhesive  used,  it  was  not  expected  to  make  a  big  difference  in 
the  wetting  behaviour  since  it  was  shown9  that  the  threadlocking  adhesive  provided  statistically 
equal  results.  It  was  therefore  necessary  to  look  again  at  the  recipe  to  verify  that  the  different 
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component  ratios  and  concentrations  were  used  correctly.  This  new  revised  batch  of  coating  is 
Batch  #  3. 

4.1.3  BATCH  #3 

When  making  the  third  batch  of  coating,  a  slightly  different  interpretation  was  given  to  the  recipe 
provided  in  the  letter  documenting  the  superhydrophobic  coating.  The  difference  in  interpretation 
arose  from  whether  to  use  concentrations  as  g/mL  of  solvent  or  g/mL  of  solution,  both  of  which 
are  valid  concentration  nomenclatures,  yet  not  clearly  stated  in  the  letter.  The  new  interpretation 
(g/mL  of  solution)  reduced  the  amount  of  DMSO  by  -75%  while  increasing  the  amount  of 
Ethanol  by  -100%  to  keep  the  concentrations  consistent.  The  final  concentrations  achieved  are 
mentioned  at  the  beginning  of  this  section  and  are  included  in  Table  3. 

With  this  new  batch  and  with  it  a  higher  amount  of  Ethanol,  it  was  determined  that  the  coating 
would  be  less  viscous,  allowing  for  a  better  spray  pattern  when  using  the  internal  mixing  airbrush 
as  described  in  the  letter.  However,  using  an  external  mixing  airbrush  has  also  been  considered 
but  has  not  been  used  yet  because  of  its  thicker  and  coarser  spray.  To  start,  three  samples  were 
coated  once  with  different  thicknesses  (light,  medium  and  heavy).  The  initial  observations  from 
the  three  samples  are  as  follows: 

Sample  1 

•  Light  coat. 

•  Sample  is  hydrophobic  with  superhydrophobic  portions  (much  more  hydrophobic  than  those 
from  Batches  1  and  2). 

Sample  2 

•  Medium  coat. 

•  Sample  is  also  hydrophobic  with  superhydrophobic  portions  (much  more  hydrophobic  than 
those  from  batches  1  and  2). 

•  Slightly  more  hydrophobic  than  Sample  1. 

Sample  3 

•  Heavy  coat. 

•  Sample  is  superhydrophobic  as  expected. 

•  Seems  to  be  as  superhydrophobic  as  the  samples  obtained  from  the  University  of  Illinois. 

•  There  are  a  couple  of  spots  on  the  sample  where  the  coating  seems  to  be  thicker;  however, 
this  spots  are  not  superhydrophobic  and  seem  to  be  very  sticky.  Might  relate  to  Figure  30c. 

These  samples  have  also  cured  in  the  oven  for  3  hours  at  80°C.  However,  after  letting  the 
samples  sit  at  room  temperature  overnight,  they  seem  to  have  become  slightly  more 
superhydrophobic.  This  would  mean  that  the  curing  time  and/or  temperature  could  be  increased. 
Consideration  needs  to  be  also  given  to  better  controlling  the  transitions  in  temperature  (from 
room  temperature  to  curing  and  vice  versa). 
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From  the  success  of  this  batch  of  coating,  it  was  decided  to  use  it  on  different  substrates  to 
determine  if  the  coating  would  adhere  and  cure  properly  on  other  materials  with  smooth  or  rough 
surfaces.  The  coating  was  used  to  spray  one  medium  thickness  coat  on  aluminum  sheet,  glass, 
copper  tape,  cardboard  and  wood.  These  samples  were  also  allowed  to  cure  for  3  hours  at  80°C. 
Upon  curing,  the  samples  were  allowed  to  cool  for  30  minutes  at  room  temperature.  After  curing, 
wetting  observations  were  carried  out  on  the  samples  and  they  all  showed  excellent  and 
impressive  superhydrophobic  behaviour  (with  only  one  coat  of  the  coating).  Interestingly,  the 
smoother  materials  (aluminum  sheet,  glass  and  copper  tape)  appear  to  be  slightly  less 
superhydrophobic.  This  indicates  that  the  coating  is  benefiting  from  the  already  present 
roughness  found  on  the  cardboard  and  balsa  wood. 


Achieving  successful  results  on  cardboard,  glass  and  wood  shows  that  the  coating  is  capable  of 
adhering  and  curing  properly  in  different  materials  with  different  surface  chemistry  and 
roughness.  This  opens  the  doors  to  exploring  the  application  of  coatings  on  different  objects  and 
materials  to  make  them  superhydrophobic.  Figures  31-34  show  SEM  images  at  1,000X 
magnification  of  the  third  batch  of  superhydrophobic  coating  on  aluminum  foil,  glass,  cardboard 
and  balsa  wood  respectively. 


Figure  31:  1,000X  SEM  Image  of  1  coat  of 
Batch  #  3  of  Superhydrophobic  Coating  on 
Aluminum  foil.  Coating  and  roughness 
features  appear  very  similar  to  those  on  the 
samples  obtained  from  the  University  of  Illinois 
(Figure  22).  Some  portions  of  uncoated 
aluminum  foil  can  be  seen  (area  denoted  by 
black  arrow).  Image  scale  is  10  pm. 


Figure  32:  1 ,000X  SEM  Image  of  1  coat  of 
Batch  #  3  of  Superhydrophobic  Coating  on 
Smooth  Glass.  Sample  is  slightly  less 
superhydrophobic  than  the  other  samples. 
Might  be  because  some  more  areas  of  the  glass 
surface  were  not  coated  (areas  denoted  by 
white  arrows.  Image  scale  is  10  pm. 
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Figure  33:  1 ,000X  SEM  Image  of  1  coat  of 
Batch  #  3  of  Superhydrophobic  Coating  on 
Cardboard.  The  surface  of  the  cardboard  is 
not  visible,  indicating  that  either  the  coat  was 
properly  applied  or  the  roughness  of  the 
cardboard  surface  has  features  similar  in  size 
to  those  added  with  the  coating.  This  may 
explain  why  coated  cardboard  appears  to  be 
even  more  superhydrophobic  than  coated  glass 
(Figure  32).  Image  scale  is  10  pm. 


Figure  34:  1 ,000X  SEM  Image  of  1  coat  of 
Batch  #  3  of  Superhydrophobic  Coating  on 
balsa  wood.  This  surface  is  also  very 
superhydrophobic.  This  may  be  in  part  due  to 
the  roughness  already  present  on  the  wood 
before  coating  (similar  to  the  cardboard  case 
in  Figure  33).  This  image  shows  that  some 
portions  of  the  surface  were  not  coated 
(denoted  with  black  arrows),  but  it  also  shows 
how  the  coating  has  being  moulded  to  fit  the 
shape  of  the  roughness  features  already 
present  (white  arrows).  Image  scale  is  10  pm. 


4.2  RESULTS  AND  ANALYSIS 

Although  the  previous  samples  coated  with  the  third  batch  of  coating  show  excellent 
superhydrophobic  behaviour,  there  are  still  a  few  factors  in  the  process  that  have  not  been 
determined.  It  is  not  clear  yet,  which  exactly  are  the  most  adequate  coating  and  curing  methods. 
It  is  evident  from  the  data  gathered  with  the  three  batches  that  there  is  a  significant  difference 
between  the  different  coat  thicknesses  (Figures  28  -  30).  It  has  also  been  determined  that  curing 
the  samples  for  3  hours  at  80°C  is  sufficient;  however,  it  has  also  been  found  that  the  samples  still 
cure  for  a  period  of  several  hours  following  the  curing  performed  in  the  oven  (slightly  impacting 
the  wetting  behaviour).  Also,  the  data  collected  thus  far  is  purely  qualitative.  Surface  roughness 
parameters  and  contact  angles  need  to  be  measured  accordingly. 

The  first  factor  to  investigate  is  coating  technique  (i.e.  airbrush  type,  coat  thickness,  number  of 
coats,  etc.).  For  this  part  of  the  experiment,  eight  aluminum  sheet  samples  were  prepared. 
Samples  1-4  were  incrementally  coated  with  an  external  mixing  airbrush  (coarser  spray  pattern, 
better  for  viscous  coatings,  better  for  large  areas)  while  samples  5-8  were  incrementally  coated 
only  with  the  internal  mixing  airbrush.  After  coating  samples  1-4  with  the  external  mixing 
airbrush,  it  was  found  that  the  samples  were  not  completely  superhydrophobic  and  were  coated  up 
to  two  more  times  with  the  internal  mixing  airbrush.  The  coating  type,  number  of  coats,  total 
coating  thickness  and  wetting  data  for  each  sample  are  shown  in  Table  4.  Wetting  data  for  these 
samples  is  plotted  in  Figure  35. 
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Table  4:  Number  and  type  of  coating  applied  to  aluminum  sheet  samples  along  with  coat 
thickness,  advancing,  receding  contact  angles  and  contact  angle  hysteresis. 


Sample 

EM 

Coats 

IM 

Coats 

Total 

Coats 

Total  coat 
thickness  (pm) 

Advancing 

(degrees) 

Receding 

(degrees) 

Hysteresis 

(degrees) 

1 

1 

1 

2 

8.68 

159.92 

150.60 

9.32 

2 

1 

2 

3 

6.77 

167.01 

158.94 

8.06 

3 

2 

2 

3 

24.13 

173.34 

155.57 

17.76 

4 

3 

2 

5 

34.93 

166.72 

149.02 

17.70 

5 

2 

2 

14.61 

168.46 

153.67 

14.79 

6 

2 

2 

16.09 

171.05 

148.64 

22.40 

7 

3 

3 

12.28 

168.72 

155.03 

13.69 

8 

4 

4 

17.15 

172.19 

165.33 
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Figure  35:  Advancing,  Receding  (left  axis)  and  Hysteresis  (right  axis)  contact  angles  of  water  for 
each  of  the  coated  aluminum  sheet  samples.  Although  all  the  surfaces  are  superhydrophobic,  it 
can  be  seen  that  the  samples  coated  vt nth  the  external  mixing  airbrush  (1-4)  benefit  from 
additional  coats.  The  samples  coated  with  the  internal  mixing  airbrush  (5  -  8)  show  very  little 
change  in  the  advancing  contact  angle  with  increased  number  of  coats  yet  show  and  improvement 

in  the  receding  contact  angle. 


It  has  been  determined  from  the  data  in  Table  4  and  Figure  35  in  the  context  of  wetting  that  the 
most  efficient  results  were  achieved  by  coating  the  samples  with  the  internal  mixing  airbrush.  It 
was  initially  thought  at  the  beginning  of  the  testing  with  these  samples,  that  coating  the  samples 
with  the  external  mixing  airbrush  first  would  be  beneficial.  The  idea  was  that  the  external  mixing 
airbrush  would  provide  a  basic  coat  that  would  already  be  hydrophobic  (because  of  Zonyl®), 
therefore,  any  uneven  distribution  of  an  additional  coating  (i.e.  internal  mixing  airbrush  spray 
pattern  as  seen  on  Figure  32  for  smooth  glass)  would  still  render  the  surface  superhydrophobic. 
Based  on  Table  4  and  Figure  35,  it  is  clear  that  the  benefit  of  having  that  basic  coat  from  the 
external  mixing  airbrush  is  outweighed  by  using  less  coating  with  the  internal  mixing  airbrush 
(i.e.  less  coats)  while  still  achieving  higher  advancing  contact  angles. 
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Also  worth  noting  is  that  the  eight  samples  described  with  Table  4  and  Figure  35  were  modified 
for  the  wetting  tests  (drilled  a  hole  through  them  for  the  discharge  syringe  with  water  to  go 
through)  after  the  samples  were  coated.  In  other  words,  the  samples  were  drilled  through  the 
coating.  This  may  have  altered  or  damaged  the  coating  on  the  area  immediately  surrounding  the 
drilled  hole.  There  is  no  way  of  determining  whether  having  drilled  this  hole  had  an  effect  on  any 
of  the  wetting  measurements  taken. 

For  this  reason,  four  new  samples  were  made,  drilled  for  the  wetting  tests  and  subsequently 
coated  incrementally  with  the  internal  mixing  airbrush.  Wetting  tests  were  performed  and  coating 
thickness  measurements  were  taken  on  these  samples.  Table  5  includes  coating  information, 
wetting  data  and  coating  thickness.  Figure  36  shows  the  wetting  data  for  this  set  of  four  samples. 


Table  5:  Number  of  coats  applied  to  aluminum  sheet  samples  along  with  coat  thickness, 
advancing,  receding  contact  angles  and  contact  angle  hysteresis. 


Sample 

IM 

Coats 

Total  coat 
thickness  (pm) 

Advancing 

(degrees) 

Receding 

(degrees) 

Hysteresis 

(degrees) 

1 

1 

11.01 

170.11 

154.73 

15.37 

2 

2 

17.14 

170.42 

155.79 

14.62 

3 

3 

27.94 

172.98 

156.67 

16.31 

4 

4 

30.05 

172.63 

160.05 

12.57 

Figure  36:  Advancing,  Receding  (left  axis)  and  Hysteresis  ( right  axis)  contact  angles  of  water  for 
each  of  the  coated  aluminum  sheet  samples.  These  samples  are  coated  incrementally  only  with 
the  internal  mixing  airbrush.  There  is  a  very  slight  increasing  trend  for  the  advancing  and 
receding  contact  angles  with  increased  number  of  coats.  There  is  also  a  very  slight  decrease  in 

hysteresis  for  the  same  incremental  coating. 


The  data  shown  on  Table  5  and  Figure  36  shows  the  benefit  of  additional  coatings  from  a  wetting 
perspective.  However,  the  increases  in  both  advancing  and  receding  contact  angles  are  very 
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small.  Hysteresis  also  sees  a  decrease  with  increments  in  number  of  coats  on  a  sample,  but  at  the 
same  time  is  a  very  small  decrease.  No  CSM  data  has  been  gathered  for  these  samples  yet.  Such 
roughness  parameter  data  may  provide  further  clues  into  what  is  changing  on  the  sample’s  surface 
to  make  them  better  with  increased  coatings.  No  wear  tests  have  been  conducted  on  these 
samples  either.  It  is  unknown  what  the  benefit  of  having  multiple  coatings  is  in  the  context  of 
wearing  and  durability. 
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5  CONCLUSIONS  AND  FUTURE  WORK 


The  superhydrophobic  coating  developed  by  Bayer9  has  been  successfully  replicated  and  allowed 
us  to  obtain  very  similar  superhydrophobic  properties  and  wetting  behaviour  to  that  observed  on 
the  samples  provided  by  the  University  of  Illinois  (Section  3).  It  is  believed  however  that  the 
main  purpose  of  the  bio-adhesive  developed  by  them  is  to  provide  strength  to  the  coating,  making 
it  more  resistant  to  wear.  It  has  been  also  been  determined  that  curing  and  coating  methods  are 
crucial  for  obtaining  adequate  results.  The  samples  studied  showed  better  results  when  curing 
aerobically  at  a  temperature  of  80°C  for  3  hours  and  when  coated  incrementally  with  an  internal 
mixing  airbrush. 

Collecting  roughness  parameter  data  will  be  done  next  on  the  superhydrophobic  samples.  From 
this  data,  better  connections  will  be  made  between  the  surface  topography  shown  in  the  SEM 
images,  the  coating  methods  as  well  as  the  wetting  data  obtained.  Although  some  of  the 
parameters  have  been  selected  to  be  the  best  descriptors  of  surface  properties,  all  the  parameters 
will  be  taken  into  account.  The  idea  of  roughness  scales  explained  in  Section  1  will  be  revisited 
now  that  there  is  more  control  over  how  the  coating  is  sprayed  onto  the  various  surfaces. 

It  is  also  necessary  to  conduct  wear  tests  on  the  samples  coated  with  our  superhydrophobic 
coating  in  order  to  determine  its  wear  resistance.  Now  that  the  recipe  for  the  coating  has  been 
successfully  replicated,  different  adhesives  may  be  used  in  order  to  achieve  different  properties. 
The  goal  is  to  find  an  adhesive  that  makes  these  surfaces  very  robust  and  resistant  to  different 
types  of  wear  (i.e.  abrasive,  impact,  scratching,  etc.)  while  making  it  practical  for  diverse 
applications.  The  first  step  in  this  direction  has  already  been  taken  and  a  clear  threadlocking 
adhesive  with  similar  properties  has  been  used  with  success  in  the  beginning  of  the  year  2 
activities.  This  adhesive  would  allow  the  coating  to  be  almost  colorless,  making  the  coating  more 
desirable  for  applications  where  added  color  is  not  wanted. 

Currently,  other  materials  have  been  coated  with  the  superhydrophobic  coating:  paper,  cotton, 
polyester/nylon,  fine  metallic  mesh  and  composite  materials.  These  samples  show  good 
superhydrophobic  behaviour  so  far.  However,  no  further  testing  has  been  done.  These  were 
coated  as  part  of  an  attempt  to  determine  how  versatile  this  coating  is.  However,  a  more 
systematic  approach  for  these  unconventional  surfaces  will  be  undertaken  in  future  work. 
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Annex  A  Cleaning  Procedure  for  Samples  Worn  in 
Shaker 


Clean  sample  in  1 00%  ethanol  in  ultrasonic  bath  for  1 5  minutes 

-  Fill  a  150mL  beaker  to  the  40mL  mark  with  100%  ethanol  and  place  it  inside  the  ultrasonic 
cleaner. 

-  Fill  the  ultrasonic  cleaner  with  water  so  that  the  level  of  water  reaches  the  60mL  mark  on 
the  beaker. 

-  Place  sample  in  beaker. 

-  Let  it  clean  for  1 5  minutes. 

-  Remove  sample  from  beaker. 

-  Rinse  sample  with  ethanol  or  D1  water. 

-  Let  sample  air-dry. 

-  Dispose  of  ethanol  as  'Used  Ethanol'. 

-  Rinse  beaker  with  D1  water,  ethanol  or  acetone. 

-  Let  it  air-dry. 

-  Cover  ethanol  beaker  with  aluminum  foil  to  minimize  contamination  of  beaker. 

Make  note  of  any  previous  wear  marks  and/or  imperfections  on  the  surface  or  the  material  before 
continuing  with  characterization  or  additional  wear. 
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Annex  B  Procedure  for  Wearing  Superhydrophobic 
Samples  Abrasively  with  Shaker 


PREPARATIONS 

SHAKER 

•  Measure  volume  and  weight  of  glass  beads  (or  abrading  material)  before  starting. 

•  Inspect  glass  beads  (or  abrading  material)  for  foreign  material  and  or  particles  that 
contaminate  it. 

•  Ensure  that  the  shaker  is  running  appropriately. 

♦  Check  belt  tension  and  bearing  lubrication. 

♦  Check  nuts  and  bolts  and  make  sure  they  are  properly  tightened. 

•  Shaker  must  be  placed  on  a  solid  and  stable  surface. 


SAMPLE 

•  Ensure  that  the  sample  is  the  same  size  as  the  insert  in  the  pan. 

•  Ensure  that  the  sample  sits  flush  inside  the  pan. 

♦  Very  important  for  the  sample  not  to  sit  too  low  or  too  high. 

•  Make  sure  the  sample  is  clean 

♦  Clean  following  procedure  on  Appendix  A 


WEAR  TESTING  THE  SAMPLE 

CYCLE 

•  Clean 

•  Wear 

•  Wetting  Test/CSM 

•  Wear 

•  Clean 

•  Wetting  Test/CSM 

•  Wear 

•  etc. 
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WEARING 


•  Remove  abrading  material  from  shaker  so  that  it  doesn't  interfere  with  the  insert  in  the 
shaker  and  or  with  placing  the  sample  in  the  insert 

•  Follow  the  above  preparations 

•  Place  double  sided  tape  in  the  insert  inside  the  shaker  where  the  sample  goes 

•  Place  the  sample  on  top  of  the  double  sided  tape 

♦  Fix  sample  properly  by  only  touching  edges  that  are  not  to  be  considered  under 
wetting  tests 

•  Carefully  pour  sand  back  inside  the  shaker  by  avoiding  creating  extra  damage  on  the  surface 
of  the  sample 

•  Wear  the  sample  at  desired  speed  and  interval 

•  Remove  abrading  material  surrounding  the  sample  without  touching  the  sample  and/or  the 
material  right  above  the  sample 

•  Once  sample  is  clear,  remove  sample  very  carefully 

•  Blast  sample  with  air  or  nitrogen  to  remove  glass  beads  still  present  on  the  surface 

•  Place  sample  in  cleaning  beaker  for  cleaning  following  the  procedure  described  in  Appendix 
A. 

•  Fet  sample  air  dry 

WETTING  TEST 

•  Use  double  sided  tape  on  the  back  of  the  sample 

•  Affix  sample  on  aluminum  sample  holder 

•  Ensure  that  the  sample  lays  completely  flat  and  remove  any  excess  tape  that  may  interfere 
with  ADS  A 

•  Place  sample  on  Contact  Angle  Machine  and  conduct  wetting  tests  following  the  standard 
procedure  for  operating  ADSA 

♦  Ensure  that  the  drop  behaves  reasonably  as  expected  under  manual  control 
conditions 

•  Run  test  with  following  parameters 

♦  ADVANCING 

■  Imaging  interval:  1000  ms 

■  Initial  Volume:  20  pF 
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■  Final  Volume:  60  pL 

■  Speed/Rate:  0.5  pL/s 

♦  RECEDING 

■  Initial  Volume:  60  pL  (obtained  automatically  from  advancing  conditions) 

■  Final  Volume:  0  pL 

■  Speed/Rate:  0.5  pL/s  (obtained  automatically  from  advancing  conditions) 

♦  ANALYSIS/MEASUREMENTS 

■  Conduct  analysis/measurements  as  instructed  on  operating  ADSA 

♦  Continue  conducting  wear  on  sample  as  desired 


DRDC  Atlantic  CR  2010-315 


49 


This  page  intentionally  left  blank. 


50 


DRDC  Atlantic  CR  2010-315 


Annex  C  Drop  Weight  Wear  Testing  Procedure 

PREPARATIONS 

RIG 

•  Calibrate  drop  height  by  measuring  the  distance  between  the  marks  on  the  guide  cylinder 
and  the  top  of  the  block  placed  on  the  sample 

•  Inspect  for  proper  vertical  alignment  of  the  guide  cylinder  to  ensure  that  there  would  be 
none  to  minimal  contact  between  the  dropping  weight  and  the  inner  walls  of  the  cylinder 

•  Ensure  that  the  whole  rig  is  securely  resting  on  the  floor  away  from  other  equipment  should 
it  tip  over  and  fall. 

•  Make  sure  the  different  parts  are  and  feel  secure  and  solid 

•  Check  nuts  and  bolts  and  make  sure  they  are  properly  tightened 

•  Characterize  the  side  of  the  acrylic  block  that  would  contact  the  sample  upon  impact. 

SAMPLE 

•  Make  sure  the  sample  is  clean 

♦  Clean  following  procedure  on  Appendix  A. 

•  Characterize  surface  with  CSM  before  wearing 

WEAR  TESTING  THE  SAMPLE 

CYCLE 

•  Clean 

•  Wear 

•  Wetting  Test/C SM 

•  Wear 

•  Clean 

•  Wetting  Test/CSM 

•  Wear 

•  etc. 

WEARING 

•  Ensure  that  the  sample  rests  on  a  clean  surface 
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•  Ensure  that  the  block  that  rests  on  top  of  the  surface  (to  distribute  the  impact  uniformly  over 
the  entire  surface)  is  clean  and  smooth. 

•  Follow  the  above  preparations 

•  Place  double  sided  tape  on  the  portion  of  the  surface  where  the  sample  would  rest 

•  Place  the  sample  on  top  of  the  double  sided  tape 

♦  Fix  sample  properly  by  only  touching  edges  that  are  not  to  be  considered  under 
wetting  tests 

•  Carefully  place  acrylic  block  on  top  of  the  sample  by  avoiding  creating  extra  damage  on  the 
surface  of  the  sample 

•  Drop  the  weight  from  the  desired  height 

•  After  impact,  remove  weight  first  by  pulling  on  the  string  attached. 

•  Once  weight  is  removed  from  the  cylinder,  remove  the  acrylic  block  from  resting  on  the 
sample 

•  Once  sample  is  clear,  remove  sample  very  carefully 

•  Blast  sample  with  air  or  nitrogen  to  remove  any  foreign  material  present  on  the  surface  of 
the  sample 

•  Place  sample  in  cleaning  beaker  for  cleaning  following  the  procedure  described  in  Appendix 
A. 

•  Fet  sample  air  dry 


WETTING  TEST 

•  Follow  the  same  wetting  test  procedure  described  in  Appendix  B. 
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List  of  symbols/abbreviations/acronyms/initialisms 


Refer  to  Table  1  for  list  of  roughness  parameters 

ADSA  Axisymmetric  Drop  Shape  Analysis 

CSM  Confocal  Scanning  Microscope 

DND  Department  of  National  Defence 

DRDC  Defence  Research  &  Development  Canada 

DRDK1M  Director  Research  and  Development  Knowledge  and  Information 

Management 

R&D  Research  &  Development 

SEM  Scanning  Electron  Microscope 

SHS  Superhydrophobic  Surface 
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